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GENERAL INTRODUCTION 
The introduction of nonnative species jeopardizes native ecosystems and can have 
significant economic costs (Pimentel et al. 2001; Lee 2002).  There are many possible 
negative outcomes for native organisms that result from the introduction of nonnative 
species, including hybridization (Allendorf et al. 2001), predation (Sepulveda et al. 2013), 
direct competition for food and other resources (Sanders et al. 2003; Hornung and Foote 
2006), and trophic cascades (Simon and Townsend 2003).  Because of their potential impact 
on native ecosystems, biological invasions are often viewed negatively.  However, they also 
can be viewed as natural experiments that give insight into evolutionary forces (e.g., genetic 
drift, founder effect, admixture from multiple source populations, and natural selection) that 
play a role in the successful colonization and expansion of nonnative species in novel 
ecosystems (Strauss et al. 2006; Suarez and Tsutsui 2008).  Understanding the role of these 
evolutionary forces, as well as the resulting adaptations can lead to: the development of 
predictive models of invasion success (Kolar and Lodge 2002), an understanding of the 
effects of introduced organisms on the evolution of native populations (Strauss et al. 2006), 
and policies designed to mitigate damage from, or prevent the spread of, invasive species 
(Suarez and Tsutsui 2008). 
 The most commonly introduced group of aquatic organisms is fish, which are 
frequently introduced through human activity, whether accidental or intentional (Gozlan et 
al. 2010).  In the western United States, non-native fish are especially concerning as they 
account for 25% of fish fauna (Marchetti et al. 2004), and their introductions have 
contributed to the extirpation of native fishes (Donald and Alger 1993; Moyle et al. 2011).  
 In eastern Washington, one important nonnative fish is the brook stickleback (Culaea 
inconstans), a small freshwater fish in the family Gasterosteidae.  Brook stickleback are 
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typically 35-60 mm in length, with a laterally compressed body that tapers to a small caudle 
peduncle, and a fan shaped caudal fin (Winn 1960; Reisman and Cade 1967; Becker 1983; 
Wootton 1984).  Brook stickleback have four to seven dorsal spines, an anal spine, and two 
pelvic spines that are variable in length and absent in some populations (Nelson 1969; 
Nelson 1977; Reist 1980; Becker 1983; Scholz and McLellan 2009, 2010; Scholz 2014).  Like 
other gasterosteids brook stickleback have scaleless bodies with bony lateral plates; however 
unlike other sticklebacks, these plates are quite small.  In brook stickleback these plates are 
often considered vestigial since they are only visible upon close inspection (Becker 1983; 
Wootton 1984).   
Native Range and Habitat    
The brook stickleback’s ability to colonize diverse habitats is demonstrated in their 
large native range and may play a role in their success invading novel waterways.  The native 
range of brook stickleback in Canada is east of the Rocky Mountains in British Columbia to 
James Bay and the Saint Lawrence River.  There are even populations as far north as the 
Mackenzie River in the Northwest Territories; but they are most abundant in the spring-fed 
potholes of the Canadian prairies (Winn 1960; Reisman and Cade 1967; Stewart 2007a).  In 
the United States their native range is from eastern Montana to northern Maine, but is 
primarily in the Ohio, Illinois, and Missouri river systems (Winn 1960; Reisman and Cade 
1967; Wootton 1984; Stewart et al. 2007b).   
Brook stickleback inhabit a range of water body types including: permanent and 
ephemeral rivers, streams, lakes, ponds, and potholes; however, they are reported to require 
shallow, cool, and clear water that is heavily vegetated for cover, feeding, spawning and 
rearing (Winn 1960; Stewart et al. 2007a).   
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Diet 
Brook stickleback are pugnacious omnivores with a wide diet ranging from algae to 
small invertebrates and aquatic insect larvae (Stewart et al. 2007b).  In a study involving nine 
wetlands in eastern Washington (four colonized by brook stickleback, five uncolonized), 
benthic macroinvertebrate density was significantly lower in wetlands colonized by brook 
stickleback than uncolonized wetlands (Wieker et al. 2016).  Wieker et al. (2016) also found 
that, in a laboratory setting, brook stickleback consumed prey from every macroinvertebrate 
taxa commonly found in their field study, and that brook stickleback were not gape-limited.  
This lack of gape-limitation is consistent with previous observations of brook stickleback 
grabbing prey items and shaking them vigorously until they break into ingestible pieces 
(Reisman and Cade 1967; personal observation).  
Defensive Morphology and Anti-Predatory Behavior 
Brook stickleback have robust defensive morphology (i.e., dorsal, pelvic and anal 
spines) and exhibit anti-predatory behavior.  Because of this morphology and behavior they 
are a minor prey item in their native range (Winn 1960).  The presence and length of pelvic 
spines in brook stickleback have been shown to affect predation.  As Reist (1980) observed 
in a laboratory setting, small northern pike (Esox lucius) preferentially preyed on brook 
stickleback without pelvic spines.  However, whereas spines may help deter predators, there 
is a trade-off between swimming ability and defensive morphology.  Andraso (1997) showed 
that brook stickleback with robust pelvic girdles (that are associated with long spines) are 
better able to escape if captured by predators, but brook stickleback without pelvic girdles 
(and the associated spines) perform better in startle response and predator avoidance.  
In addition to defensive morphology, brook stickleback utilize an array of anti-
predatory behaviors.  For example, in areas where brook stickleback live in sympatry with 
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fathead minnows (Pimephales promelas), piscivorous fish typically prey on the fathead minnows 
preferentially over brook stickleback (Mathis and Chivers 2003).  Brook stickleback use this 
predator choice to their advantage and can be found swimming with schools of fathead 
minnows, where they are the least desirable prey available (Mathis and Chivers 2003).  Brook 
stickleback also use aquatic vegetation for cover when they are not foraging (Stewart 2007a).  
When brook stickleback are the prey-of-choice, it is usually by large piscivorous fish such as 
largemouth bass (Micropterus salmoides), small mouth bass (M. dolomieu), northern pike, 
rainbow trout (Oncorhynchus mykiss), and yellow perch (Perca flavescens) (Winn 1960; Reisman 
and Cade 1967; Becker 1983; Stewart et al. 2007b). 
Spawning and Parental Care 
Brook stickleback spawn in the spring and reach sexual maturity after one year, 
spawning the next spring following their birth (Winn 1960).  Brook stickleback will typically 
die after their second summer, so they are considered an annual species, although brook 
stickleback that are two or three years old can make up a small portion of some populations 
(Winn 1960; Moodie 1986).  During spawning season (typically April-July, or when water 
temperatures are 14-19ºC) stickleback move from deeper water into the shallows, where the 
males establish territories and build nests on grasses and reeds (Barker 1918; Winn 1960; 
Reisman and Cade 1967; Becker 1983).  Nests are 1.5-5.0 cm in diameter and are constructed 
from materials at hand, typically filamentous algae, grasses, or other organic debris; they are 
held together by a white cementing agent secreted from the kidneys (Barker 1918; Winn 
1960; Becker 1983).   
When males have established a territory, they become very aggressive to both males 
and females of their species, turn uniformly jet black, and develop wide black eye-bars 
vertically overlapping their irises (Barker 1918, Winn 1960, Becker 1983, McLennan 1994).  
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Females also show nuptial colors when they are ready to spawn, although they are much less 
pronounced and much more fleeting; they develop a golden pink sheen and a much less 
pronounced black eye bar during ovulation, and return to normal coloration immediately 
after spawning (McLennan 1994). 
Once his nest is built, a brook stickleback male will flash his nuptial colors at 
females, attacking any female that enters his territory, encouraging her towards his nest for 
oviposition (Winn 1960; Reisman and Cade 1967).  Once oviposition has occurred the male 
chases the female from his territory and proceeds to fertilize the eggs (Winn 1960; Reisman 
and Cade 1967).  The male then spends his time fanning the eggs and trying to court more 
females; the male stops courting females when his time must be predominantly spent 
fanning eggs (Winn 1960; Reisman and Cade 1967).  When the eggs hatch the male 
continues to guard and protect the fry, collecting them in his mouth if they stray too far 
from the nest and depositing them back in the nest (Winn 1960; Reisman and Cade 1967).  
The ability to survive in diverse habitats, wide diet, predation defenses, short 
generation times, and parental care of brook stickleback make them excellent invaders.  In 
addition to eastern Washington, brook stickleback populations are successfully established 
outside their native range in Utah, Colorado, western Montana, and California (Modde and 
Haines 1996, Scholz et al. 2003, Moyle et al. 2011).   
STUDY SITE 
 Brook stickleback were first recorded in eastern Washington in waterways on and 
near Turnbull National Wildlife Refuge (TNWR) during a 1999-2000 survey of the fish 
assemblage of Rock Creek (Scholz et al. 2003).  Since they were initially recorded in eastern 
Washington, additional surveys have documented the distribution of brook stickleback in the 
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Rock Creek drainage, the Pine Creek subdrainage, the Cottonwood Creek subdrainage, and 
TNWR (Glover 2004, Fox 2005, Porter 2006, Walston et al. 2015). 
Turnbull National Wildlife Refuge is located in Spokane County WA about 30 km 
southwest of Spokane WA.  TNWR comprises over 130 marshes, ponds, and wetlands, on 
approximately 7284 hectares of the Channel Scablands in the inland Northwest, and is 
considered some of the last prime habitat available for waterfowl in eastern Washington.  
TNWR is primarily managed for waterfowl, but there are many species of mammals, reptiles 
and amphibians that rely on the refuge as a sanctuary from surrounding habitat degradation. 
Rock Creek is located in Spokane County, Whitman County, and Adams County in 
eastern Washington.  Rock Creek originates north of TNWR, flows through the refuge, 
includes many ponds created by artificial control structures, and eventually leaves the refuge 
through a control structure on the south end of Cheever Lake.  Downstream of TNWR, 
Rock Creek flows through Chapman Lake, Bonnie Lake, and Rock Lake, before joining the 
Palouse River.  Rock Creek and the water bodies on TNWR lie in the Channeled Scablands 
geologic province, which was formed by massive floods from glacial Lake Missoula (Waite 
1980; Porter 2006).  The channels of this region are carved into basalt bedrock from lava 
deposited 12 to 25 million years ago (Weis and Newman 1989; Glover 2004) 
Pine Creek is a major tributary to Rock Creek; it originates in the Idaho Panhandle, 
flows through the Palouse, and joins Rock Creek just upstream of Rock Lake.  Pine Creek 
runs through the rolling dune-like hills, made of loess deposits, of the Palouse.  The Palouse 
receives 30.5 cm to 38.1 cm of precipitation annually, and discharge into streams is highest 
during spring runoff. (Washington Department of Transportation 2004; Glover 2004)  The 
Pine Creek drainage is heavily impacted by agriculture, and many tributaries of Pine Creek 
are heavily channelized and experience severe water loss due to irrigation (Nassar and 
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Walters 1975).  This water loss, combined with moderate-to-low rainfall results in many 
tributaries to Pine Creek mostly drying during the summer and reduced flow in Pine Creek. 
OBJECTIVES 
 The objectives of this study were to: 1.) use genetic markers to describe the invasion 
routes of brook stickleback in eastern Washington, and 2.) characterize the adaptions of 
brook stickleback associated with their invasion of eastern Washington.  The second 
objective is two-fold: first to document life history strategies in habitats of varying stability 
and second, to describe shifts in pelvic spine length over time and in the absence of piscine 
predators. 
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CHAPTER 1 
 
 
 
 
 
DESCRIBING THE INVASION ROUTES OF BROOK STICKLEBACK (CULAEA 
INCONSTANS) IN EASTERN WASHINGTON 
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ABSTRACT 
Invasive species pose a serious threat to native ecosystems.  In eastern Washington 
brook stickleback (Culaea inconstans) is an important invasive species, especially at Turnbull 
National Wildlife Refuge, where they compete with waterfowl for food resources and are 
associated with declines in habitat quality.  Understanding the invasion routes of this invasive 
species may help managers implement strategies to prevent further spread and mitigate 
damages caused by these fish.  The objectives of this study were to identify the most likely 
point of brook stickleback invasion, to determine their most likely invasion routes, and to 
investigate landscape features and processes that may be impacting gene flow between 
populations.  Genotypes at nine microsatellite loci from 560 brook stickleback from 20 
putative populations were used determine the genetic variation within and among 
populations.   Genetic diversity was highest in the headwaters of Pine Creek (HE = 0.753 in 
Kelley Creek, AR = 4.466 in Pine Creek) and on average water bodies in Pine Creek had 
greater genetic diversity than elsewhere (HE, p = 0.016; AR, p = 0.02).  FIS values were 
globally high and Hardy-Weinberg expectations were violated due to an excess of 
homozygotes.  A concrete dam at Cheever Lake and watershed boundaries act as barriers to 
gene flow as geographically proximate sites have on either side of these barriers higher than 
expected genetic distance.  The data presented here along with the historically documented 
distribution of brook stickleback in eastern Washington indicate that the most likely point of 
invasion was in the headwaters of Pine Creek and that brook stickleback subsequently 
moved down Pine Creek to the confluence with Rock Creek and from there dispersed both 
upstream and downstream.  
3 
  
INTRODUCTION 
Understanding the pathways taken by an introduced species, or the invasion routes, 
may allow managers to devise strategies that prevent or slow future expansion (Estoup and 
Guillemaud 2010; Blanchet 2012).  Because initial invasion success and subsequent invasion 
routes are influenced by biotic (e.g., life history traits and propagule pressure), (Lockwood et 
al. 2005; Simberloff 2009; Jarić et al. 2015) and abiotic factors (e.g., habitat suitability and 
patch connectivity) (Thibault et al. 2009; Blanchet 2012), understanding the role that these 
factors play in specific invasions can provide a focal point for management effort and may 
help to predict future invasions. 
Estoup and Guillemaud (2010) suggest that the study of invasion routes can be 
divided into two primary methodologies; direct and indirect methods.  Direct methods 
utilize current and historic information on the distribution of an invasive species to infer the 
probable invasion route, but can be limited by the geographical and temporal resolution of 
available data (Estoup and Guillemaud 2010).  In contrast, indirect methods utilize patterns 
in genetic differentiation and clustering algorithms, based on Bayesian statistics and 
genotype, to probabilistically assign individuals to populations and determine possible source 
populations of invasion events (Pritchard et al. 2000; Estoup and Guillemaud 2010).   
Using genetic data, it may be possible to predict the water body where the initial 
point of an invasion most likely occurred, as it is where we expect to find the greatest genetic 
diversity (i.e. greatest allelic richness and highest expected heterozygosity).  Due to founder 
effects we would expect a subset of this diversity to be present in water bodies where 
subsequent invasion events have occurred.  The propagule pressure, or introduction effort 
(i.e., the number of invaders and the number of introductions), of subsequent invasion 
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events would also play a role in the genetic diversity of invaded wetlands as they may 
experience multiple colonization events from different sources, increasing genetic diversity.  
Additionally, genetic differentiation between populations (FST), and other similar metrics, 
such as genetic distance, can give some indication of the level of gene flow occurring as we 
would expect FST and genetic distance to increase as gene flow decreases.   
Gene flow between populations provides insights into the role geographic distance 
and landscape features play in invasion success.  For example, Thibault et al. (2009) found 
that dispersal of rainbow trout (Oncorhynchus mykiss) in eastern Quebec was not limited to 
adjacent patches, but was influenced by habitat suitability, where highly favorable habitat was 
successfully colonized first, allowing for subsequent dispersal.  In Columbia spotted frogs 
(Rana luteiventris), there is high gene flow between lowland populations separated by large 
distances; however, ridges and high elevations inhibit gene flow in high elevation 
populations separated by much shorter geographic distances (Funk et al. 2005).  A similar 
effect of elevation on genetic distance was found in brook trout (Salvelinus fontinalis) by 
Castric et al. (2001), who attributed their findings to a correlation between the number of 
waterfalls (which act as an upstream barrier to dispersal) and the elevation of sample sites.  
Understanding the factors that may be affecting gene flow between populations is critical for 
developing focused management strategies for invasive species. 
Brook stickleback (Culaea inconstans) are a locally important invasive species in eastern 
Washington that have been present since at least 1999; their distribution was first reported 
by Scholz et al. (2003) in water bodies on and near Turnbull National Wildlife Refuge 
(TNWR) as part of a survey of the Rock Creek drainage. During this Rock Creek survey, 
brook stickleback were observed at seven locations: three on TNWR, one in the headwaters 
of Rock Creek upstream of TNWR, one in an isolated pond on a bench 62 m above Rock 
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Creek on Escure Ranch, and two in Rock Creek downstream of TNWR, as far downstream 
as the inlet to Rock Lake (Figure 1.1; Scholz et al. 2003).  Because brook stickleback were 
most abundant in the headwaters of Rock Creek, near TNWR, and because they show a 
propensity to spread downstream (Lamsa 1963; Manion 1977), Scholz et al. (2003) proposed 
that the most likely point of invasion was in the headwaters of Rock Creek.    
 Since their initial detection, brook stickleback have expanded their range and 
numbers on TNWR (Scholz et al. 2003; Walston et al. 2015; Nine and Scholz unpublished 
data; personal communication, Mike Rule U.S. Fish and Wildlife).  The brook stickleback 
expansion on TNWR includes wetlands west of Cheney Plaza road, which were historically 
fishless and part of a different watershed than the east side of the refuge.  In a 2002 survey 
of the fish assemblage on TNWR, Nine and Scholz (unpublished data) documented brook 
stickleback in eight wetlands, none of which were west of Cheney Plaza road.  In a 2013 
survey of the fish assemblage on TNWR, Walston et al. (2015) reported brook stickleback in 
11 wetlands including three west of Cheney Plaza Road.  In 2014 brook stickleback were 
recorded in West Isaacson and Lower Turnbull Slough,  wetlands west of Cheney Plaza 
road, where Walston et al. (2015) surveyed but did not document brook stickleback, which 
represents a potential recent invasion event (personal communication, Mike Rule U.S. Fish 
and Wildlife).  See map of aquatic systems on TNWR depicting the brook stickleback’s range 
expansion and watershed boundaries (Figure 1.2).  
The expansion of brook stickleback on TNWR is especially concerning because 
brook stickleback have the potential for dietary overlap with native waterfowl (Bridges 2011; 
Weiker et al. 2016), which are the primary management focus of the refuge.  At TNWR, 
lentic systems colonized by brook stickleback contain fewer taxa and lower density of 
aquatic macroinvertebrates (Weiker et al. 2016).  This is problematic because aquatic 
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macroinvertebrates are an important food source for waterfowl, and refuge managers have 
observed a reduced number of nesting waterfowl in wetlands invaded by brook stickleback 
compared to the same wetlands before brook stickleback colonization (personal 
communication, Mike Rule U.S. Fish and Wildlife). 
The distribution of brook stickleback in the eastern Washington has been well 
documented in surveys since Scholz et al. (2003).  In a 2003 survey of the Pine Creek 
drainage (a major tributary to Rock Creek), Glover (2004) recorded brook stickleback in 30 
of 77 sampling locations (Figure 1.3).  In addition to the main stem of Pine Creek, Glover 
(2004) recorded brook stickleback in eight tributaries to Pine Creek: Thorn Creek, Cache 
Creek, Squaw Creek, North Pine Creek, Spring Valley Creek, Cabbage Creek, Kelley Creek, 
Spring Creek, and Willow Creek.  In a 2003 study of the Cottonwood Creek drainage 
(another major tributary to Rock Creek), Fox (2005) recorded brook stickleback at four out 
of 55 sampling locations (Figure 1.4), including mainstem Cottonwood Creek, and one 
tributary, Kamaiche Creek, near its confluence with Cottonwood Creek.  In a 2005-2006 
survey of Rock Creek, Porter (2006) found brook stickleback in nine out of 47 sampling 
locations (Figure 1.5), including mainstem Rock Creek and three tributaries: Imbler Creek, 
Cottonwood Creek, and Kamaiche Creek. Brook stickleback have also been recorded in 
eastern Washington outside of the Rock Creek drainage, in the Spokane River drainage and 
the Cow Creek drainage (Scholz and McLellan 2009, 2010; Scholz 2014).  These drainages 
are separated from the Rock Creek drainage by almost imperceptible barriers, although there 
may be connections between them during high water years allowing for brook stickleback 
movement (Scholz 2014). 
After brook stickleback were documented in Pine Creek, Al Scholz proposed an 
alternative hypothesis concerning the origin of brook stickleback in eastern Washington 
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(Scholz 2014).  He proposed that the origin of brook stickleback was in the headwaters of 
Pine Creek.  There are two lines of evidence supporting this hypothesis.  First, in Pine Creek, 
brook stickleback are sympatric with fathead minnow (Pimephales promelas); however only 
brook stickleback have colonized TNWR.  Fathead minnow are a common baitfish, they 
have a similar native range to brook stickleback, and as a consequence, brook stickleback can 
often end up in bait buckets with fathead minnow (Ludwig and Leitch 1996, Fuller et 
al.1999).  Scholz proposed that bait bucket release might have been the source of brook 
stickleback and fathead minnow in eastern Washington (Scholz 2014).  Brook stickleback are 
more prone to upstream expansion than are fathead minnows (Schlosser 1995), leading them 
to expand their range up Rock Creek to TNWR.  The second line of evidence supporting 
Scholz’s hypothesis is the ability of brook stickleback to burrow through silt substrates 
(Degraeve 1970), which may have allowed them to move through subterranean waterways, 
bypassing a control structure on Rock Creek at TNWR (Nelson and Paetz 1974).  
The goal of this study was to characterize the genetic structure of brook stickleback 
populations in eastern Washington with the intent that my findings will help managers devise 
strategies to mitigate the negative impacts of these fish, especially on TNWR where the 
presence of brook stickleback can have a severe negative impact on native waterfowl.  To 
achieve this goal I focused on three main objectives: 1.) to predict the mostly likely point of 
introduction using population-level genetic diversity, 2.) to predict the most likely routes of 
invasion using genetic differentiation between populations, and 3.) to investigate landscape 
features and processes that may impact gene flow between water bodies.
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Figure 1.1: Brook stickleback distribution in the Rock Creek drainage as reported by Scholz et al. (2003).  Turnbull National Wildlife 
Refuge wetlands are depicted in detail in upper left inset map.  Water bodies colored black were sampled in this study, open circles 
represent sites where brook stickleback were absent, and closed circles represent sites where brook stickleback were present. 
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Figure 1.2: Brook stickleback expansion on TNWR.  Blue circles denote locations where brook stickleback were reported in 1999 (Scholz 
et al. 2003) and 2002 (Nine and Scholz, unpublished data); red diamonds indicate locations where brook stickleback were reported in 2013 
(Walston et al. 2015) and 2014 (personal communication, Mike Rule U.S. Fish and Wildlife).  Dashed line indicates watershed boundary 
where everything east of the line drains into Rock Creek and everything west of the line drains into Cow Creek. 
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Figure 1.3: Brook stickleback distribution in the Pine Creek drainage as reported by Glover (2004).  Water bodies colored black were 
sampled in this study, open circles represent sites where brook stickleback were absent, and closed circles represent sites where brook 
stickleback were present. 
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Figure 1.4: Brook stickleback distribution in the Cottonwood Creek drainage as reported by Fox (2005).  Water bodies colored back were 
sampled in this study, open circles represent sites where brook stickleback were absent, and closed circles represent sites where brook 
stickleback were present. 
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Figure 1.5: Brook stickleback distribution in the Rock Creek drainage as reported by Porter (2006).  Water bodies colored black were 
sampled in this study, open circles represent sites where brook stickleback were absent, and closed circles represent sites where brook 
stickleback were present. 
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MATERIALS AND METHODS 
Brook Stickleback Collection 
 From February to August 2016, 26 water bodies (Figure 1.6) were sampled via baited 
minnow traps or backpack electrofishing.  Sampling locations were selected based on 
previous reports documenting the presence of brook stickleback in eastern Washington 
(Scholz et al. 2003; Glover 2004; Fox 2005; Porter 2006; Walston et al. 2015; personal 
communication, Mike Rule U.S. Fish and Wildlife).  On TNWR brook stickleback were 
absent from six wetlands where they had been previously recorded (Columbia Trail Pond, 
West Tritt, West Isaacson, 30 Acre Lake, Upper Blackhorse Lake, and Blackhorse Lake) and 
were stickleback-free as of February 2016.  These six wetlands as well as Upper Turnbull 
Slough (where only one stickleback was recorded in February 2016) were sampled monthly 
during the spring and summer of 2016 to determine if they remained stickleback-free.  In 
three lentic wetlands on TNWR (Cheever Lake, Middle Pine, and Windmill Pond) brook 
stickleback were collected both upstream and downstream of a control structure.  In these 
cases, “A” denotes upstream of control structure and “B” denotes downstream (e.g. CLA is 
Cheever Lake above control structure and CLB is Cheever Lake below the control 
structure). Upper Turnbull Slough was left out of the genetic analysis because only one 
brook stickleback was captured there.   
All captured fish were identified to species.  Captured brook stickleback were 
euthanized using 250 mg/L tricaine methanesulfonate (MS-222) and stored at -20ºC, and all 
other species were released.  
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DNA Extraction, PCR Amplification, and Fragment Length Analysis 
Brook stickleback DNA was extracted using a salt precipitation protocol.  
Stickleback tissue was incubated in a digestion buffer of Tris-HCl, EDTA, SDS and 
proteinase K, overnight at 37ºC.  Proteins and cellular debris were precipitated using 
ammonium acetate; isopropanol was added to the supernatant to precipitate DNA.  DNA 
was resuspended and stored in TE buffer at 4ºC. 
After extraction, DNA concentration for each sample was quantified using a Thermo 
Scientific NanoDrop Lite™ and diluted to 50 ng/µL using TE buffer.  Brook stickleback 
DNA was amplified using the polymerase chain reaction (PCR) for nine microsatellite loci 
using fluorescently labeled primers and protocols adapted from Kremer (2013).  Primer 
sequences (Table AI.1) and complete PCR protocols are detailed in Appendix I; PCR 
Protocols.  PCR products were grouped into two multiplexes for fragment length analysis.  
Samples were either capillary electrophoresed at Eastern Washington University with an ABI 
310 genetic analyzer or sent to the Murdock Core Genomics Lab at University of Montana.  
Alleles were called using either ABI Genemapper v2.0 software (for ABI 310 data), or ABI 
Peak Scanner v1.0 (for data from Murdock Lab).  To ensure that alleles identification was 
consistent across both software applications, alleles from a subset of individuals were called 
using both, which yielded identical results. 
Genetic Analysis  
Variation Within Populations―To investigate genetic variation within populations, we 
calculated deviations from Hardy-Weinberg expectations, allele frequencies, inbreeding 
coefficient (FIS), and expected (HE) and observed (HO) heterozygosity (weighted by sample 
size) using GENEPOP v4.2 (Raymond & Rousset 1995, Rousset 2008).  ADZE v1.0 
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(Szpiech et al. 2008) was used to calculate allelic richness (AR), which standardizes number of 
alleles to the lowest observed sample (i.e., Kelley Creek n = 10), and is a metric of genetic 
diversity.  A two-sample t-test was performed in R v3.4.0 to compare the HE between Rock 
Creek and Cow Creek drainages and Pine Creek drainage populations of brook stickleback.  
R v 3.4.0 was also used to perform a Mann-Whitney U test comparing AR in Rock Creek and 
Cow Creek drainages and Pine Creek drainage populations of brook stickleback.  Because an 
excess of homozygotes was found in all populations, ML-Relate (Kalinowski et al. 2006) was 
used to estimate the maximum likelihood relatedness and relationship of all individual pairs 
in each population, and the proportion of individuals with no familial relationships 
(%Unrelated) in each population was calculated.  
Variation Among Populations―To investigate genetic diversity between populations,  
pairwise FST values were calculated and genic differentiation between all population pairs 
averaged across all loci was tested using the exact G test in GENEPOP v4.2.  R v3.4 
packages ape (Paradis et al. 2004) and ade4 (Dray and Dufour 2007) were used to calculate 
Cavalli-Sforza and Edward’s (1967) genetic distance (DCSE) and to construct an unweighted 
pair group method with arithmetic mean (UPGMA) dendrogram.  A principal component 
analysis (PCA) of populations based on allele frequencies was performed using ClustVis 
(BETA, Metsalu and Vilo 2015).  To test for a correlation between genetic distance, and 
riverine distance DCSE was plotted against riverine distance and a linear regression was 
calculated in R v3.4; additionally a Mantel test with 9,999 permutations was performed in R 
v3.4 ape package using DCSE and riverine distance matrices.  Riverine distance between sites 
was calculated in ArcMap v10.4.1 using a stream flow layer from the NHD dataset.  Because 
all populations deviated from Hardy-Weinberg expectations, STRUCTURE v2.3.4 (Pritchard 
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et al. 2000) was used to estimate the most likely value of k (number of populations) using 20 
iterations with a burn-in of 5,000 and 50,000 Markov chain Monte Carlo repetitions. 
RESULTS 
Brook Stickleback Distribution: 
 Brook stickleback were found at 18 of the 26 wetlands sampled (Figure 1.6).  A 
detailed description of all sample locations (Table AII.1), and species captured and 
abundances at each site (Table AII.2) are reported in Appendix II.  Brook stickleback did 
not recolonize Columbia Trail Pond, West Tritt, West Isaacson, 30 Acre Lake, Upper 
Blackhorse Lake, or Blackhorse Lake, and only one brook stickleback was captured at Upper 
Turnbull Slough. No brook stickleback were captured or observed in the main stem of Rock 
Creek off of TNWR; the furthest downstream in the Rock Creek drainage that stickleback 
were caught was Imbler creek, which joins Rock Creek just upstream from Escure Ranch. 
Genetic Analysis: 
Variation Within Populations―Averaged across all loci, globally and individually, every 
population was out of Hardy-Weinberg equilibrium with an excess of homozygotes.  FIS 
ranged from 0.133 in Middle Pine A to 0.341 in Cache Creek with an average of 0.254 (Table 
1.1).  Weighted HE was significantly higher in Pine Creek drainage than Rock Creek and Cow 
Creek drainage populations (p = 0.016).  In the Pine Creek drainage, weighted HE ranged 
from 0.631 in Squaw Creek to 0.753 in Kelley Creek with an average of 0.712; weighted HO 
ranged from 0.470 in Willow Creek and Cache Creek to 0.571 in Pine Creek with an average 
of 0.513 (Table 1.1).  In the Rock Creek and Cow Creek drainages, weighted HE ranged from 
0.588 in Cheever Lake B to 0.731 in Winslow Pool with an average of 0.664; weighted HO 
ranged from 0.452 in Cheever Lake A to 0.570 in Middle Pine B with an average of 0.513 
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(Table 1.1).  Allelic richness was significantly higher in Pine Creek drainage than Rock and 
Cow Creek drainage populations (p = 0.002).  In the Pine Creek drainage, AR ranged from 
3.89 in Squaw Creek to 4.466 in Pine Creek with an average of 4.296 (Table 1.1).  In the 
Rock Creek and Cow Creek drainages, AR ranged from 3.289 in Lower Turnbull Slough to 
4.152 in Kepple Lake with an average of 3.878 (Table 1.1).  Kelley Creek had the highest 
proportion of individuals without any familial relationships in the sample (30% of individuals 
sampled had no familial relationships).  In 16 of the populations sampled all individuals had 
at least one familial relationship (Table 1.1). 
Variation Among Populations―Pairwise FST ranged from -0.002 between Willow Creek 
and Spring Valley Creek to 0.162 between Cheever Lake B and Willow Creek, DCSE ranged 
from 0.201 between Middle Pine A and Middle Pine B to 0.621 between Lower Turnbull 
Slough and Kelley Creek (Table 1.2).  Exact G test for genic differentiation indicated that 
two population pairs were not significantly different: Middle Pine A and Middle Pine B (p = 
0.095) and Cheever Lake A and Kepple Lake (p = 0.162).  An unrooted dendrogram based 
on DCSE resulted in two major clusters. These two clusters delineate TNWR wetland 
populations from Pine Creek drainage populations, with a few exceptions (Figure 1.6).  
These exceptions include Lower Turnbull Slough, Kelley Creek, and Imbler creek, which did 
not cluster closely with any of the other sampled wetlands.  Another exception was that 
Cheever Lake B and Squaw Creek populations clustered together and were more closely 
related to the Pine Creek drainage populations than to TNWR wetland- populations. 
Clustering in the PCA was consistent with the DCSE UPGMA dendrogram; Lower 
Turnbull Slough, Kelley Creek, and Imbler creek did not cluster closely with other 
populations, however most Pine Creek tributaries and TNWR wetlands clustered with their 
geographically proximate populations.  PC1 accounted for 13.9% of total variance PC2 
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accounted for 10.2% of total variance (Figure 1.7).  There was a significant correlation 
between riverine distance and DCSE (Figure 1.8; p = 0.0001).  STRUCTURE analysis suggests 
that Hardy-Weinberg deviations were minimized when seven populations was assumed.  
However when k was set to seven, most individuals did not assign back to populations with 
other individuals from their sampling locations. 
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Figure 1.6:  Sample locations from spring and summer 2016.  Water bodies shown in black were sampled in this study.  Open 
circles indicate sites where brook stickleback were absent, closed circles indicate sites where brook stickleback were captured.  
Sample sites within a water body are labeled with an abbreviation of the water body followed by a site number, counted from 
downstream to upstream. For water body abbreviations see Table 1.1, for all species captured and their abundance at each site see 
Table AII.2. 
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Table 1.1:  Population name (Population), population abbreviation (ID), sample size (N), expected (HE) and observed (HO) 
heterozygosity, inbreeding coefficient (FIS), allelic richness (AR), and proportion of individuals with no familial relationships 
(%Unrelated) in each of 20 populations. Average HE and average AR (metrics of genetic diversity) are reported for water bodies In 
Rock Creek and Cow Creek drainages (first 11 water bodies) and Pine Creek drainage water bodies (last nine water bodies).  The 
bolded numbers indicate the greatest HE and AR. 
Population ID N HE HO FIS AR % Unrelated 
Lower Turnbull Slough LTS 30 0.6139 0.5111 0.1699 3.2887 0 
Kepple Lake KL 31 0.7183 0.5125 0.2858 4.1524 0 
Windmill Pond A WPA 30 0.6815 0.5222 0.2505 4.0991 0 
Windmill Pond B WPB 30 0.6955 0.5074 0.2739 4.1375 0 
Headquarters Pond HQP 30 0.6550 0.5111 0.2228 3.9035 0 
Winslow Pool WL 30 0.7309 0.5444 0.2584 4.3089 0 
Middle Pine Lake A MPA 30 0.6224 0.5402 0.1325 3.7480 0 
Middle Pine Lake B MPB 30 0.6800 0.5699 0.1665 3.8636 0 
Cheever Lake A CLA 30 0.6652 0.4519 0.3245 3.7967 0.033 
Cheever Lake B CLB 30 0.5882 0.5111 0.1331 3.4826 0 
Imbler Creek IC 18 0.6567 0.4630 0.3017 3.8717 0.067 
Average in Rock and Cow Creek drainages 0.6643   3.877  
Willow Creek WC 30 0.7044 0.4704 0.3362 4.4537 0.100 
Kelley Creek KC 10 0.7533 0.5667 0.258 4.4382 0 
Spring Creek SC 21 0.6967 0.4921 0.299 4.0040 0 
Pine Creek PC 30 0.7442 0.5741 0.2316 4.4657 0 
Cabbage Creek CAB 30 0.7080 0.4852 0.3185 4.2580 0 
Spring Valley Creek SVC 30 0.7378 0.5074 0.316 4.4135 0 
Squaw Creek SQ 30 0.6306 0.5111 0.1921 3.8909 0.033 
Cache Creek CC 30 0.7091 0.4704 0.3406 4.3511 0 
Thorn Creek TC 30 0.7250 0.5407 0.2575 4.3916 0 
Average in Pine Creek drainage 0.7121   4.296  
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Table 1.2: Pairwise FST values for all population pairs are reported above the diagonal, genetic distance based on Cavalli-Sforza & 
Edward’s chord distance (DDCSE) values between each population pair are reported below the diagonal.  
 
 
  
LTS KL WPA WPB HQP WL MPA MPB CLA CLB WC KC SC PC CAB SVC SQ CC TC IC
LTS - 0.079 0.071 0.066 0.091 0.076 0.052 0.055 0.086 0.056 0.085 0.126 0.089 0.063 0.082 0.087 0.067 0.083 0.080 0.108
KL 0.493 - 0.029 0.025 0.025 0.022 0.046 0.039 0.016 0.048 0.040 0.071 0.041 0.035 0.046 0.041 0.052 0.037 0.042 0.064
WPA 0.464 0.300 - 0.025 0.035 0.024 0.037 0.028 0.028 0.054 0.046 0.070 0.044 0.039 0.042 0.046 0.051 0.043 0.037 0.073
WPB 0.449 0.279 0.275 - 0.030 0.022 0.042 0.034 0.025 0.033 0.038 0.077 0.045 0.040 0.050 0.037 0.035 0.039 0.035 0.073
HQP 0.526 0.277 0.329 0.301 - 0.033 0.060 0.054 0.021 0.067 0.053 0.084 0.051 0.055 0.064 0.056 0.065 0.057 0.051 0.080
WL 0.480 0.259 0.269 0.260 0.315 - 0.042 0.039 0.025 0.035 0.038 0.068 0.039 0.033 0.044 0.037 0.038 0.036 0.036 0.070
MPA 0.398 0.379 0.332 0.356 0.435 0.363 - 0.014 0.053 0.038 0.061 0.084 0.062 0.038 0.059 0.057 0.058 0.059 0.050 0.101
MPB 0.413 0.338 0.293 0.320 0.402 0.339 0.201 - 0.047 0.043 0.053 0.076 0.058 0.036 0.049 0.052 0.056 0.047 0.038 0.087
CLA 0.513 0.224 0.291 0.275 0.250 0.277 0.403 0.376 - 0.059 0.042 0.066 0.039 0.040 0.049 0.042 0.055 0.045 0.044 0.067
CLB 0.412 0.385 0.407 0.316 0.451 0.328 0.345 0.359 0.424 - 0.052 0.105 0.059 0.046 0.063 0.049 0.031 0.054 0.047 0.097
WC 0.508 0.351 0.376 0.342 0.403 0.341 0.431 0.403 0.360 0.400 - 0.053 0.029 0.029 0.032 0.022 0.040 0.031 0.036 0.052
KC 0.621 0.465 0.464 0.485 0.505 0.457 0.503 0.485 0.451 0.566 0.403 - 0.054 0.050 0.045 0.056 0.098 0.065 0.062 0.074
SC 0.520 0.354 0.365 0.370 0.393 0.343 0.440 0.416 0.345 0.425 0.297 0.406 - 0.033 0.038 0.032 0.041 0.038 0.036 0.050
PC 0.439 0.329 0.345 0.349 0.411 0.320 0.340 0.331 0.351 0.377 0.297 0.392 0.318 - 0.019 0.023 0.045 0.028 0.027 0.048
CAB 0.501 0.376 0.357 0.391 0.442 0.365 0.421 0.389 0.387 0.438 0.315 0.370 0.342 0.244 - 0.026 0.054 0.030 0.035 0.049
SVC 0.517 0.355 0.376 0.335 0.415 0.337 0.416 0.398 0.357 0.388 0.262 0.413 0.315 0.264 0.283 - 0.038 0.023 0.033 0.051
SQ 0.453 0.397 0.394 0.325 0.445 0.341 0.420 0.410 0.410 0.307 0.349 0.548 0.353 0.369 0.405 0.340 - 0.046 0.042 0.077
CC 0.503 0.338 0.364 0.347 0.417 0.332 0.423 0.380 0.370 0.405 0.308 0.445 0.342 0.294 0.305 0.265 0.375 - 0.028 0.068
TC 0.495 0.358 0.335 0.325 0.393 0.331 0.392 0.342 0.367 0.379 0.334 0.434 0.333 0.285 0.325 0.317 0.358 0.292 - 0.068
IC 0.574 0.437 0.473 0.464 0.492 0.457 0.551 0.516 0.447 0.537 0.393 0.472 0.382 0.376 0.383 0.388 0.477 0.448 0.450 -
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Figure 1.7: An unweighted pair group method with arithmetic mean (UPGMA) dendrogram constructed with Cavalli-Sforza and 
Edwards genetic distances (1967).  Wetland IDs are as described in Table 1.1. Circles represent TNWR samples, squares represent 
off refuge water bodies.  The main TNWR cluster is circled in short dashes and the main Pine Creek cluster is circled in long 
dashes. 
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Figure 1.8:  Principal component analysis of populations based on allele frequency.  
Populations from TNWR are denoted with open circles.  Populations from off TNWR are 
denoted with open squares. 
24 
  
 
Figure 1.9:  Cavalli-Sforza and Edwards genetic distance (DCSE) plotted against riverine 
distance in kilometers.  Best fit line shown in red (y = 0.008x + 0.338; r2 = 0.1782; p < 
0.0001).   
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DISCUSSION 
Brook stickleback were first observed in eastern Washington in 1999 in water bodies 
on or near TNWR in the Rock Creek drainage (Scholz et al. 2003).  Shortly after the original 
description, they were reported in a two major tributaries to Rock Creek Pine Creek and 
Cottonwood Creek, and their tributaries (Glover 2004; Fox 2005).  Reports of the fish 
assemblage on TNWR indicate that brook stickleback have been expanding their range on 
the refuge since their initial detection in 1999 (Walston et al. 2015; Nine and Scholz 
unpublished data; personal communication, Mike Rule U.S. Fish and Wildlife).  I set out to 
determine the invasion routes of brook stickleback with the goal of helping inform 
management strategies to mitigate damage from this invasive species, especially on TNWR 
where they are negatively impacting native waterfowl.   
Brook Stickleback Point of Introduction  
Based on the genetic data reported here, brook stickleback were most likely 
introduced in the headwaters of the Pine Creek drainage, as this is where the greatest genetic 
diversity (both AR and HE) was found.  On average populations in the Pine Creek drainage 
had more genetic diversity than the Rock Creek drainage; within the Pine Creek drainage, 
populations in the headwaters had the greatest genetic diversity (greatest HE was in Kelley 
Creek, greatest AR was in Pine Creek).  These data are consistent with the hypothesis 
proposed by Scholz (2014) that brook stickleback moved downstream into Rock Creek from 
Pine Creek and subsequently dispersed upstream onto TNWR and downstream towards 
Escure Ranch, Imbler Creek and Cottonwood Creek. 
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Invasion Routes of Brook Stickleback    
All of the populations sampled were out of Hardy-Weinberg equilibrium (i.e., 
exhibiting an excess of homozygotes).  These deviations may be due to the high FIS values in 
each population and to the high degree of relatedness of individuals in each population 
sample.  The universally high FIS and thus, high degree of relatedness, indicates that there are 
a few family groups that are overwhelming successful, contributing a majority of the 
offspring each spring.  This uneven reproductive success may be partially responsible for the 
genetic differentiation found in eastern Washington brook stickleback populations.  I was 
unable to estimate the minimum number of founders, or migratory rates between wetlands, 
because these analyses assume Hardy-Weinberg equilibrium.   
Riverine distance is also a factor contributing to the genetic differentiation between 
populations of brook stickleback in eastern Washington (Figure 1.8).  Imbler Creek is 
geographically the most isolated population and is genetically dissimilar to both TNWR 
populations and populations in the Pine Creek drainage.  In the Pine Creek drainage, most 
of the populations were genetically more similar to each other than to TNWR populations 
and Imbler Creek.  In the Rock Creek drainage, most populations at TNWR are more closely 
related to each other than to Imbler creek or populations in the Pine Creek drainage.  The 
exceptions to these trends are: Cheever Lake B, on TNWR, which has a large concrete dam 
potentially limiting gene flow, Lower Turnbull Slough, on TNWR, which is in a different 
watershed than other TNWR wetlands, and Kelley Creek, in the Pine Creek drainage, which 
is in very close proximity to, but does not cluster closely with, other populations in the 
headwaters of Pine Creek.  The genetic differentiation in Kelley Creek from the rest of Pine 
Creek drainage populations is most likely an artifact of small sample size, since only 10 
stickleback were captured from Kelley Creek. 
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Landscape Features and Processes Impacting Gene Flow 
The genetic structure of brook stickleback at TNWR allows for inferences about 
their ability to move between watersheds.  Lower Turnbull Slough is the only wetland on the 
west side of TNWR (in the Cow Creek drainage) that had brook stickleback present in 2016.  
The source population for Lower Turnbull Slough is unclear, but, due to the genetic distance 
between Lower Turnbull Slough and the rest of TNWR wetlands it is clear that this invasion 
was an isolated event, and there is not yearly gene flow between the east and west sides of 
the refuge, which would result in homogenous gene frequencies.  Although Lower Turnbull 
Slough is in close geographic proximity to the rest of the TNWR wetlands where brook 
stickleback were captured, it is in a different watershed, draining into Cow Creek.  The 
results of this study indicate that this watershed boundary can act as a barrier to gene flow; 
however it may be possible that in very high water years there is a hydrologic connection 
between Rock Creek and Cow Creek, allowing gene flow between east and west TNWR.  
These data support observations made by Scholz (2014) indicating that brook stickleback in 
eastern Washington may be moving between watersheds during high water years.  
Additionally it is possible that Lower Turnbull Slough could act as a source populations for 
other wetlands on the west side of the refuge; however, this possibility was not tested or 
observed during this study.   
Another potential barrier to gene flow on TNWR is the control structure at the 
outflow of Cheever Lake, which is a solid concrete dam, (constructed in 2012); whereas 
most of the other control structures on the refuge (including Cheever Lake pre-2012) consist 
of corrugated metal pipes and wood slat dams regulating water levels.  I collected brook 
stickleback directly upstream and downstream at three control structures, two with wood slat 
dams (Windmill Pond and Middle Pine) and the third at Cheever Lake.  The control 
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structure at Middle Pine did not seem to act as a barrier to gene flow as there was not a 
significant difference in allele frequency between above and below populations.  Although 
there was a significant difference between Windmill Pond A and B allele frequencies, the two 
populations cluster close to each other, have a relatively low DCSE (0.275), and are genetically 
similar to the other TNWR wetlands.  Of the three control structures, Cheever Lake’s had 
the greatest effect on genetic distance, the DCSE between Cheever Lake A and B is 0.424; in 
addition, Cheever Lake B clusters most closely with Squaw Creek, and in general more 
closely with the Pine Creek drainage than TNWR.     
I determined that three ephemeral wetlands on TNWR (Upper Blackhorse Lake, 
Blackhorse Lake, and 30 Acre Lake), which typically harbor brook stickleback, were 
stickleback-free during the spring and summer of 2016.  Ephemeral wetlands on TNWR 
(primarily 30 Acre lake and Blackhorse Lake) that have been colonized by brook stickleback 
have always been an enigma because they have brook stickleback present every spring 
despite drying most summers.  There are multiple possible explanations that have been 
proposed for this phenomenon, none of which were explicitly tested before this study.  One 
possibility is that brook stickleback are burying their eggs in muddy substrate during dry 
months, allowing them to hatch when conditions are right.  There is very little evidence 
supporting this “egg-burying” possibility because brook stickleback typically spawn in spring, 
build nests on submerged vegetation, and care for their eggs during incubation and for their 
fry, post hatch.  Additionally, to my knowledge, only one species of fish has been reported to 
have eggs resistant to desiccation, Fundulus confluentus (Harrington 1959).  Another possibility 
is that brook stickleback are able to survive these drought conditions by finding oxygen-rich 
zones in small pockets water remaining, or by burrowing in the mud to survive until 
wetlands fill back up.  This possibility is supported by evidence that brook stickleback are 
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adept at utilizing O2 rich microenvironments when habitats are anoxic (Kilnger et al. 1982, 
Magnuson et al. 1985), they have exhibited burrowing behavior (Degraeve 1970), and have 
been found to utilize subterranean waterways (Nelson and Paetz 1974).  Finally, brook 
stickleback could be rapidly recolonizing wetlands that have experienced drying.  In other 
systems, brook stickleback have been observed recolonizing habitats suffering summer and 
winter kills as soon as connectivity is regained with permanent habitats (MacLean and Gee 
1971; Moodie 1986).  I was able to explicitly test these possible mechanisms for the 
persistence of brook stickleback in ephemeral wetlands on TNWR due to dry conditions on 
TNWR at the start of this study. 
Eastern Washington experienced droughts during the summers of 2014 and 2015; 
the drought in 2015 was considered severe.  During this time connectivity between TNWR 
wetlands was limited (even during spring melts); additionally, ephemeral wetlands on TNWR 
dried much earlier in the season than normal (personal communication, Mike Rule U.S. Fish 
and Wildlife).  These extremely dry conditions provided a setting to test how and when 
brook stickleback have been recolonizing ephemeral wetlands.  In November of 2015 both 
Blackhorse Lake and 30 Acre Lake were completely dry.  I collected soil samples from 
Blackhorse Lake at this time to determine if brook stickleback or brook stickleback eggs 
were present in the mud, waiting until ideal conditions return to emerge.  I detected no 
brook stickleback and after incubating the soil in 14ºC water (ideal brook stickleback 
spawning temperature) for two weeks I did not detect any stickleback fry.  This indicates that 
brook stickleback do not have some kind of mechanism for surviving these drought 
conditions (at least not in severe drought conditions).   
All of the stickleback-containing wetlands on TNWR that completely dried in 2015 
were inundated by February of 2016.  These wetlands were sampled to determine if and 
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when brook stickleback would recolonize them.  Over the course of the spring and summer 
of 2016 brook stickleback did not recolonize these wetlands, which may be due to the low 
flow experienced on TNWR during the spring of 2016 (personal communication, Mike Rule 
U.S. Fish and Wildlife), and suggests that brook stickleback may only be able to recolonize 
ephemeral wetlands if there is significant connectivity.  By early fall of 2016, 30 Acre Lake 
had dried, but the other ephemeral and semi-permanent wetlands on the refuge remained at 
least partially inundated.  After a very wet winter and spring in 2017 there was substantial 
water flow between wetlands on TNWR and large numbers of brook stickleback were 
observed moving between wetlands using small channels that had been formed from water 
circumventing the control structures between wetlands.  In May of 2017 brook stickleback 
were detected in 30 Acre and Blackhorse Lake (both of which remained stickleback free 
during the summer of 2016; Waide et al. unpublished data).   
Management Suggestions   
 Over the course of this study I surveyed diverse habitat types (i.e. large permanent 
lentic systems, small permanent lentic systems, ephemeral lentic systems, high flow lotic 
systems, ephemeral spring-fed streams) in different ecological settings (i.e. protected wildlife 
refuge, Channeled Scablands, Palouse farms, and Palouse urban centers).   In many of these 
ecological settings management of brook stickleback would be an ineffective use of 
management funds as the cost would be high and the potential return on habitat quality 
would be low.  In the small ephemeral tributaries of eastern Washington watersheds, brook 
stickleback are present but they do not seem to be having significant negative impacts on 
native fish abundance (Glover 2004, Fox 2005, Porter 2006).  In addition, many of these 
streams are heavily affected by agriculture, which seems to be having a much greater impact 
on their ecology than brook stickleback.  In Rock Creek, brook stickleback were very rare, 
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and parts of that system are managed as a sport fishery (i.e., stocked with nonnative fish). In 
this setting it makes little sense to manage a small non-native fish with limited potential 
ecological impacts.  In contrast to the rest of eastern Washington, brook stickleback 
presence has a significant impact on TNWR, which is an ideal target for brook stickleback 
management.   
Historically little has been done to manage the brook stickleback at TNWR, inpart 
because they have a propensity to show up in unexpected places in great abundance (i.e. 
ephemeral wetlands like 30 Acre Lake, and seemingly unconnected wetlands on the west side 
of the refuge).  The genetic data reported here combined with trapping efforts and 
observations over the spring and summer of 2016 suggest that brook stickleback are only 
moving between wetlands on the refuge when water levels are high, and that there are 
otherwise effective barriers to fish movement on the refuge (i.e., watershed boundaries and a 
concrete dam).  Because of the role that hydrologic conditions play in the brook stickleback’s 
ability to survive and spread on the refuge, it will be important to couple suppression or 
eradication measures with low water levels.  Since the high water flow during spring cannot 
be controlled, some other measure must be employed to eliminate connectivity between 
wetlands.  One potential way to eliminate connectivity is through the use of electric fish 
barriers.  These could be installed in channels that have high fish movement in the spring, 
and only operated during high flow times.  It may also be possible to install a physical barrier 
during high flows.  This barrier may not have to be as extreme as the concrete dam at 
Cheever Lake, to prevent stickleback movement.  Once barriers between wetlands have been 
created, stickleback eradication measures should be implemented.   
There are three ways eradication could happen: first wetlands containing stickleback 
could be completely drained, second stickleback wetlands could be treated with rotenone, 
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and finally stickleback could be physically removed using traps.  There is a major concern in 
draining wetlands at TNWR because of the unpredictability of their future inundation.  If a 
wetland is drained to eliminate brook stickleback, and the following year yields little 
precipitation to refill the water body, then important nesting habitat for waterfowl will 
potentially be eliminated.  This is a highly undesirable outcome, so great care and 
consideration must go into draining wetlands.  Rotenone treatment may be a viable way to 
eradicate brook stickleback.  However, because it has a limited capacity to disperse, 
treatments should be administered in late summer or fall, during dry years, when many of the 
wetlands where stickleback are present are experiencing low water levels.  Although 
rotenone has the capacity to reduce the number and diversity of aquatic macroinvertebrates 
and zooplankton, a major food source for waterfowl, these communities have been shown 
to rebound relatively quickly after treatment (Anderson 1970; Bellingan et al. 2015; Pham et 
al. 2017).  The potential elimination of food resources for waterfowl should be also be 
considered carefully before any rotenone projects are undertaken; however, the negative 
effects of treatment, especially during dry years, would most likely be outweighed by the 
benefit of stickleback eradication.  Physical removal of brook stickleback may be the most 
desirable way to eradicate brook stickleback from the refuge because there are no negative 
side effects to waterfowl.  Physical removal of brook stickleback should occur in late 
summer of a dry year when water levels are low to minimize the amount of habitat that 
needs to be trapped.  Because there are not negative side effects to waterfowl, and if done 
when the amount of habitat is reduced, trapping to remove brook stickleback from parts of 
the refuge could occur every year at a low cost.  
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LIFE HISTORY FLEXIBILITY IN INVASIVE BROOK STICKLEBACK (CULAEA 
INCONSTANS) IN EASTERN WASHINGTON 
  
38 
  
 
ABSTRACT 
The invasive fish brook stickleback (Culaea inconstans) was first detected in eastern 
Washington in 1999.  They have subsequently expanded their range into water bodies of 
variable habitat stability.  Successful colonization by an invasive species is often influenced 
by flexibility in life-history traits.  One important life-history trait is the number and timing 
of reproductive events, which can be driven by the stability of spawning habitat.  I 
hypothesized that brook stickleback living in unstable habitats may be functionally 
semelparous, due to unpredictable habitat conditions.  Brook stickleback reach sexual 
maturity in one year; therefore functionally semelparous populations should be on average 
younger than age class I.  Brook stickleback were collected from 18 water bodies and 
otoliths were extracted to determine age after which, standard length (SL) was measured to 
determine length-at-age.  Average age of brook stickleback in permanent wetlands was 
significantly greater than that of fish in semi-permanent and ephemeral wetlands, but there 
was no significant difference in age structure between semi-permanent and ephemeral 
wetlands (permanent ?̅? = 1.24, semi-permanent ?̅? = 0.73, ephemeral ?̅? = 0.76, p < 0.001).  
Average SL at age class 0+ was significantly less than age classes I, II, and III; however, 
there was no significant difference between age classes I, II, and III (0+: ?̅? = 39.73; I: ?̅? = 
46.42; II: ?̅? = 45.14; III: ?̅? = 49.10; p < 0.001).  The results indicate that brook stickleback 
may be functionally semelparous and that the only accurate way to measure brook 
stickleback age is through otolith analysis.  
  
39 
  
INTRODUCTION 
The important relationship between environmental conditions and life-history 
parameters (e.g. fecundity, timing and number of reproductive events, and age at maturity) 
has long been recognized, and flexibility in life-history parameters is often considered an 
important characteristic of invasive species, especially because many invaders are faced with 
habitats that are quite different from those found in their native range.  Perhaps one of the 
best-known frameworks relating organismal biology to environmental conditions is the r – K 
continuum (Wilson and MacArthur 1967; Pianka 1970).  Although the precise usage of that 
framework has varied (Parry 1981), we generally accept r-selected species to opportunistically 
reach high population size quickly when resources are available (i.e. “fast” life-history traits).  
These same characteristics that typify r-selected species have been associated with invaders 
since at least the mid-1960s and are prominent in the early definition of “weeds” (Baker 
1974).  Based on this foundation, researchers focused on invasive organisms have also been 
interested in the life history attributes that lead to successful invasion (for reviews see Sakai 
et al. 2001; García-Berthou 2007).   
Winemiller and Rose (1992) refined the description of life history categories for 
North American fishes.  In their model, age of maturity (α), fecundity (mx), and juvenile 
survivorship (lx) represent the primary life history trade-offs associated with different 
environmental conditions.  Based on these factors, Winemiller and Rose (1992) described an 
adaptive surface with three predicted strategies: an opportunistic strategy, typified by small 
α, small mx and small lx, generally associated with temporally stochastic environments; a 
periodic strategy typified by large α, large mx, and small lx, generally associated with 
environments that vary in a seasonal or cyclical manner; and an equilibrium strategy 
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typified by large α, small mx, and large lx, generally associated with relatively stable 
environments. 
Several authors have used the Winemiller and Rose (1992) framework to describe the 
life histories associated with invasive fish (Rosecchi et al. 2001; Vila-Gispert et al. 2005; 
Olden et al. 2006); however, unlike other taxonomic groups, fish do not appear to have a 
common set of life history characteristics that are associated with successful invasions.  For 
example, successful invasive fish in Mediterranean streams were typified by life history 
characteristics that would be considered “slow”, or K-selected (Vila-Gispert et al. 2005), 
while two invasive cyprinid fish in southern France were classified as opportunists displaying 
“fast”, or r-selected, life history characteristics (Rosecchi et al. 2001). Similarly, Olden et al. 
(2006) found that fish with a wide variety of life history characteristics had successfully 
established within the Colorado River Basin, suggesting that species with different life 
history strategies may successfully invade based upon what niches are available. 
Predicting life history characteristics of invasive fish is also made difficult by high 
levels of plasticity, which allow species to rapidly shift life histories in response to new 
environments.  For example, pumpkinseed (Lepomis gibbosus) on the Iberian Peninsula mature 
at rates much more quickly than populations from the northern part of their native range 
(Fox et al. 2007).  Similarly, vendace (Coregonus albula) introduced into the Pasvik watercourse 
in Scandinavia also displayed a rapid shift in life-history traits including decreased growth 
rates, decreased fecundity, and reduced size at first maturation (Bøhn et al. 2004).  Invasive 
round goby (Neogobius melanostomus) in Slovakia had higher fecundity but smaller oocytes and 
smaller body size at maturity than native populations (Hôrková and Kováč 2013).  Finally, 
Feiner et al. (2012) found that newly established populations of white perch (Morone 
americana) had increased growth and higher mean reproductive investment compared to 
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populations established 20 years earlier.  Thus, consideration of the life history 
characteristics of invasive fish must also consider the stage of invasion as any comparisons 
are made (Feiner et al. 2012). 
 Brook stickleback (Culaea inconstans) are a locally important invasive fish in eastern 
Washington.  They were first reported in water bodies near and on Turnbull National 
Wildlife Refuge (TNWR) in 1999 (Scholz et al. 2003).  Brook stickleback spawn in the spring 
and reach sexual maturity in one year, spawning the following spring; they typically die by 
the end of their second summer so they are considered an annual species (Reisman and Cade 
1967; Wooton 1984; Moodie 1986).  In their native range, brook stickleback inhabit many 
habitat types including: permanent and ephemeral rivers, streams, lakes, ponds, and potholes; 
however, they are reported to require shallow, cool, and clear water that is heavily vegetated 
for cover, feeding, spawning and rearing (Winn 1960; Stewart et al. 2007).  In eastern 
Washington brook stickleback inhabit waters that include shallow wetlands and ponds as 
well as small lotic streams, most of which are lacking piscine predators (Scholz et al. 2003; 
Glover 2004; Fox 2005; Porter 2006; Scholz and McLellan 2009, 2010; Scholz 2014; Walston 
et al. 2015). Some of these waters are relatively stable while other systems experience severe 
drying events, especially in dry summers.  
The objective of this study was to use invasive brook stickleback in eastern 
Washington to investigate the relationship between life-history characteristics, specifically 
longevity, and habitat stability.  I took advantage of the geographically proximate but 
hydrologically diverse habitats by collecting and determining the age of brook stickleback 
from waters that were either classified as permanent, semi-permanent, or ephemeral.  
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MATERIALS AND METHODS 
Study Site and Brook Stickleback Collection 
In late spring and early summer of 2016, brook stickleback were collected from 18 
water bodies in the Rock Creek and Cow Creek basins (Figure 2.1).  These water bodies 
were classified as permanent (n = 7; remaining wet even in drought years), semi-permanent 
(n = 2; usually remaining wet but dry during drought years), and ephemeral (n = 9; 
completely dry most years).  Wetlands on TNWR were classified based on personal 
observations as well as recommendations from refuge personnel (personal communication, 
Mike Rule U.S. Fish and Wildlife).  Water bodies located off TNWR were classified based on 
personal observations and a historic characterization of the Palouse River basin by the 
Washington Department of Ecology (Nassar and Walters 1975).  Brook stickleback were 
captured using baited minnow traps set overnight or by backpack electrofishing.  Captured 
stickleback were euthanized in the field using 250mg/L tricaine methanesulfonate (MS-222), 
and stored at -20ºC until they were processed. 
Otolith Extraction, Analysis and Age Class Determination 
 Standard length (SL) of brook stickleback was recorded to the nearest 0.1mm, and 
brook stickleback age was determined by analyzing extracted otoliths.  In brief, otoliths were 
extracted through the base of the skull by cutting away the isthmus and gill arches to expose 
the ventral side of the skull (Schneidervin and Hubert 1986).  Once otoliths were removed, 
they were placed in a drop of water on a matte black background and observed at 25x-45x 
with a Meiji Techno dissecting microscope.  
Brook stickleback otoliths are similar in shape to those described for other 
stickleback species (Jones and Hynes 1950).  They are ovular with a V-shaped notch in one 
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side and an opaque center region.  There is a translucent band around the center region 
followed by alternating opaque and translucent bands.  There are species-specific differences 
in what season the translucent versus opaque bands are acquired, but for our age analysis we 
used the same methodology used on other stickleback species (Jones and Hynes 1950), 
where translucent bands indicate rapid summer growth and opaque bands represent slow 
winter growth.  Based on Jones and Hynes (1950) interpretation, otoliths from a young-of-
year fish (age class 0+; Figure 2.2A) would have an opaque center followed by a translucent 
band, a fish that has over-wintered once (age class I) would have an opaque center followed 
by a translucent band and then an opaque band, and each subsequent age class would have 
an additional set of translucent and opaque bands (Figure 2.2B). 
Data Analysis 
In order to investigate life-history flexibility in brook stickleback in eastern 
Washington the age distribution of brook stickleback in different habitat classifications (i.e. 
ephemeral, semi-permanent, and permanent), and the length-at-age between brook 
stickleback age classes were compared using a Kruskal-Wallis tests with Dunn’s correction 
for multiple comparisons using the PMCMR package in R v3.4.0 (Pohlert 2014). 
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Figure 2.1:  Water bodies where brook stickleback were collected.  Water bodies shown in red were classified as ephemeral, water bodies 
shown in magenta were classified as semi-permanent, and water bodies shown in blue were classified as permanent. 
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Figure 2.2: Brook stickleback otoliths visualized at 35x magnification.  (A) In age class 0+ 
only the opaque centroid surrounded by translucent bone is present.  (B) In age class III 
three opaque rings are visible surrounding the opaque centroid. 
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RESULTS  
Average age of brook stickleback in permanent wetlands was significantly greater 
than that of fish in semi-permanent and ephemeral wetlands, but there was no significant 
difference in age structure between semi-permanent and ephemeral wetlands (permanent, n 
= 270, ?̅? = 1.24; semi-permanent, n = 61, ?̅? = 0.73; ephemeral, n = 229, ?̅? = 0.76; p < 
0.001, Figure 2.3).  Average SL at age class 0+ was significantly less than age classes I, II, and 
III; however, there was no significant difference between age classes I, II, and III (0+: n = 
152,  ?̅? = 39.73; I: n = 285, ?̅? = 46.42; II: n =100, ?̅? = 45.14; III: n = 23, ?̅? = 49.10; p < 
0.001; Figure 2.4). 
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Figure 2.3: Median age of eastern Washington brook stickleback captured in habitats of variable stability.  Brook stickleback in 
permanent wetlands were significantly older than both ephemeral and semi-permanent wetlands (p < 0.001); however there was no 
difference in stickleback age distribution between ephemeral and semi-permanent wetlands 
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Figure 2.4: Median length-at-age of brook stickleback in eastern Washington.  Age class 0+ brook stickleback are significantly shorter 
than age classes I, II, and III (p < 0.001); however there are no significant differences in length between age classes I, II, III. 
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DISCUSSION 
 The average age of brook stickleback collected in permanent wetlands was 
significantly greater than in semi-permanent and ephemeral wetlands.  Brook stickleback in 
age classes II and III were collected in all habitat types, but they made up a smaller 
proportion of individuals in ephemeral and semi-permanent habitats versus permanent 
habitats (permanent = 0.67, semi-permanent = 0.82, and ephemeral = 0.90; Table 2.1).  
There was no significant difference in average age of brook stickleback between ephemeral 
and semi-permanent water bodies.  This may be because eastern Washington experienced 
droughts in the two years prior to this study (2014 and 2015).  In the summer of 2015 
conditions were extremely dry and both water bodies classified as semi-permanent in this 
study were almost completely dry.  The similarity between brook stickleback age structure in 
semi-permanent and ephemeral wetlands may be due to the instability caused by these recent 
drought conditions.  If this were the case, we would expect the brook stickleback age 
structure in semi-permanent wetlands to be more similar to permanent than ephemeral 
wetlands after a few years of stable hydrological conditions.   
 Semelparity is often associated with a high mortality cost of reproduction (Charnov 
and Schaffer 1973).  That is, organisms may invest all of their energy in a single reproductive 
event if the likelihood of subsequent reproductive opportunities is low.  In addition, 
semelparity may arise when parents are outcompeted by juveniles, causing limited resources 
for subsequent reproductive events, or so-called competition-driven semelparity (CDS; 
Edeline et al. 2016).   
Two lines of evidence presented here support CDS as the driving factor on the age 
structure of brook stickleback in unstable habitats.  Brook stickleback grow rapidly, reaching 
sexual maturity in one year, and their growth seems to plateau by age class I (Figure 2.4).  In 
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the unstable (ephemeral and semi-permanent) habitats sampled in this study, the average age 
was less than age class I, and a strong majority of individuals were age class 0+ and I (Table 
2.1).  If CDS is driving the population structure of brook stickleback in unstable habitats 
then we would expect a significant overlap in food resources between juvenile and adult 
brook stickleback, and these food resources would diminish in abundance over the course of 
the reproductive season as young-of-year (age class 0+) brook stickleback are rapidly 
growing.  We would also expect a high mortality cost of reproduction in brook stickleback, 
and greater initial reproductive effort in unstable habitats compared to stable habitats.  In 
addition, there is a high level of inbreeding in populations of brook stickleback in eastern 
Washington (see Chapter 1) indicating that a few family groups are contributing a majority of 
the offspring each year.  The preceding result is consistent with the CDS framework as it 
suggests that there is a potential timing aspect to the success of reproduction in brook 
stickleback.  Further studies are needed to confirm these predictions, and these studies 
should examine the role of CDS on the age structure of brook stickleback in habitats of 
differing stability; focusing on diet overlap between juveniles and adults, mortality cost of 
reproduction, early season reproductive effort, and prey availability over the course of the 
reproductive season. 
It is important to accurately understand the age structure of brook stickleback in 
their native range in order to understand if the life-history strategies observed in brook 
stickleback populations in eastern Washington are novel, or consistent with native fish.  
Otolith analysis is a common method for determining the age of fish and although otoliths 
have been used to age other species of stickleback (Jones and Hynes 1950), this is the first 
study, to my knowledge, to use otoliths to age brook stickleback.  Most studies either do not 
describe how they aged brook stickleback or used length-frequency distributions (that use 
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the length of a fish to probabilistically assign it to an age class).  Using otolith analysis I 
found there was no difference in average SL between age class I, II, and III brook 
stickleback, and all three age classes had significantly larger SL than age class 0+ (Figure 2.4).  
These results were consistent even considering the length-at-age of brook stickleback from 
different habitat stabilities separately (Figure 2.5).  Moreover, my data indicate that the only 
accurate way to age a brook stickleback is through otolith analysis and that previous studies 
describing age structure of brook stickleback populations using length-frequency 
distributions may be erroneous.   
As brook stickleback inhabit stable and unstable habitats across their native range, 
future studies should focus on the age structure (based on otolith analysis) of brook 
stickleback populations in their native range to determine if life-history flexibility is a novel 
adaption in invasive populations in eastern Washington, or a consistent pattern found across 
their natural distribution.  Future studies should also investigate the role of CDS as a driver 
of the age structure of brook stickleback populations in unstable habitats. 
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Table 2.1: Age structure of brook stickleback collected from 18 water bodies of variable stability in eastern Washington. Water 
Body abbreviation (ID), stability classification (Status), number of fish reported in each age class (0+, I, II, III), total number of 
fish analyzed in each water body (N), the average age of all individuals in each population (age class 0+ was considered 0, age 
class I was considered 1, etc.), the proportion of individuals in age class 0+ and I in each water body (Proportion 0+ and I).  
Water Body ID Status 0+ I II III N 
Average 
Age 
Proportion 
0+ & I 
Cabbage Creek CAB Ephemeral 10 17 2 1 30 0.80 0.90 
Cache Creek CC Ephemeral 27 3 0 0 30 0.10 1.00 
Imbler Creek IC Ephemeral 2 15 1 0 18 0.94 0.94 
Kelley Creek KC Ephemeral 1 8 1 0 10 1.00 0.90 
Spring Creek SC Ephemeral 4 17 0 0 21 0.81 1.00 
Spring Valley Creek SVC Ephemeral 4 21 5 0 30 1.03 0.83 
Squaw Creek SQ Ephemeral 11 15 4 0 30 0.77 0.87 
Thorn Creek TC Ephemeral 9 14 5 2 30 1.00 0.77 
Willow Creek WC Ephemeral 11 18 1 0 30 0.67 0.97 
Total 79 128 19 3 229 0.76 0.90 
Kepple Lake KL Semi-Permanent 27 4 0 0 31 0.13 1.00 
Lower Turnbull Slough LTS Semi- Permanent 0 19 11 0 30 1.37 0.63 
Total 27 23 11 0 61 0.74 0.82 
Cheever Lake CL Permanent 1 13 12 4 30 1.63 0.47 
Headquarters Pond HQP Permanent 10 15 4 1 30 0.87 0.83 
Middle Pine MP Permanent 14 32 13 1 60 1.02 0.77 
Pine Creek PC Permanent 2 24 2 2 30 1.13 0.87 
Rock Creek RC Permanent 18 11 1 0 30 0.43 0.97 
Windmill Pond WMP Permanent 1 29 20 10 60 1.65 0.50 
Winslow Pool WL Permanent 0 10 18 2 30 1.73 0.33 
Total 46 134 70 20 270 1.24 0.67 
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Figure 2.5: Median length-at-age, with respect to habitat stability, of brook stickleback in eastern Washington.  Red boxes 
represent ephemeral, magenta boxes represent semi-permanent, and blue boxes represent permanent habitats. Age class 0+ brook 
stickleback are significantly shorter (shown by asterisk) than age classes I, II, and III (p < 0.001); however there are no significant 
differences in length between age classes I, II, III.  In semi-permanent and permanent wetlands there are no significant differences 
in length between age classes I, II, III. 
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PELVIC SPINE LENGTH SHIFT IN INVASIVE BROOK STICKLEBACK (CULAEA 
INCONSTANS) IN EASTERN WASHINGTON 
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ABSTRACT 
Biological invasions are typically viewed as problematic because they are often associated 
with declines in habitat quality and negative impacts on native species; however, they also 
provide opportunities for conducting unique natural experiments.  The enemy release 
hypothesis suggests that the success of invasive species may be due to the lack of coevolved 
predators, pathogens, and parasites in its introduced range.  Under the enemy release 
hypothesis organisms can invest less energy in defensive morphology allowing them to 
invest more energy in growth and reproduction. The invasive fish brook stickleback (Culaea 
inconstans) was first detected in eastern Washington in 1999.  Brook stickleback have dorsal, 
pelvic, and anal spines acting as defensive morphology, and there is a tradeoff between this 
defensive morphology and swimming ability.  The waterways that brook stickleback inhabit 
in eastern Washington often lack piscine predators, the brook stickleback’s most common 
natural predator.  To determine if brook stickleback were spending less energy on 
developing defensive morphology, pelvic spine length (PL) to standard length (SL) ratios 
from brook stickleback collected in 2016 were compared to a dataset collected in 1999.  The 
PL:SL of brook stickleback collected in 2016 was significantly smaller than those in 1999 
(1999: ?̅? = 0.079, SE = 0.001; 2016: ?̅? = 0.061, SE 0.0005; p < 0.001).  Linear regressions of 
PL with respect to SL were significantly positive in both 2016 brook stickleback and 1999 
brook stickleback (1999: y = 0.0236x + 2.1901, r2 = 0.2889, p < 0.0001; 2016: y = 0.0208x + 
1.7138, r2 = 0.1244, p < 0.001), and they had non-overlapping 95% confidence intervals.  
These results indicate that shorter pelvic spine length in brook stickleback in eastern 
Washington has been selected for since their introduction. 
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INTRODUCTION 
Biological invasions are typically viewed as problematic because they are often 
associated with declines in habitat quality and negative impacts on native species (Lee 2002); 
however, they also provide opportunities for conducting unique natural experiments (Strauss 
et al. 2006; Blanchet 2012).  These experiments can provide insights into the evolutionary 
mechanisms (i.e. genetic drift, natural selection, and admixture with source populations) 
driving rapid adaptations by invasive species in novel environments (Allendorf and 
Lundquist 2003), as well as the characteristics of successful invaders (Kolar and Lodge 2001; 
Strauss et al. 2006; Blanchet 2012). 
The enemy release hypothesis suggests that the success of invasive species may be 
due to the lack of coevolved predators, pathogens, and parasites in its introduced range 
(Colautti et al. 2004; Liu and Stiling 2006).  A common example that supports the enemy 
release hypothesis is invasive plants diverting more energy to growth instead of defensive 
morphology, like phenolic compounds (Blossey and Notzold 1995).  Morphological 
variability in the presence of predators is well documented in fishes; however, few studies 
have investigated the role of enemy release hypothesis on morphological shifts in invasive 
fish as a result of their invasion (Torchin et al. 2003; Colautti et al. 2004).   
Although not typically studied under the enemy release hypothesis, increased 
defensive morphology in fish has often been associated with high predation risk.  Vamosi 
and Schulter (2004) proposed that the difference in defensive morphology in sympatric 
lemnetic and benthic threespine stickleback (Gasterosteus aculeatus) was partially due to 
predation pressure.  In their study system, limnetic threespine stickleback had more exposure 
to piscine predators (i.e. Oncorhynchus spp.) and more robust defensive morphology than 
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benthic threespine stickleback.  In the Cayman Islands Gambusia caymanensis living in high 
predation regimes had larger caudle peduncles and smaller heads than those in low predation 
regimes, and the morphological traits found in high-predation regimes have been associated 
with higher maximum acceleration and lower endurance in other Gambusia fishes, which is 
consistent with predator escape predictions (Langerhans and Makowicz 2009).  Domenici et 
al. (2008) found that crucian carp (Carassius carassius) had deeper bodies in the presence of 
northern pike (Esox lucius), and this increased body depth allowed them to have greater 
acceleration due to maximized thrust, but increased drag resulting in greater energy 
expenditure for cruising. 
Brook stickleback (Culaea inconstans) are invasive fish in eastern Washington that were 
first reported in 1999 in a survey of the fish assemblage of the Rock Creek drainage (Scholz 
et al. 2003).  Brook stickleback are small (typically 35-60 mm in length) fish that are native 
east of the Continental Divide in the United States and Canada  (Winn 1960; Reisman and 
Cade 1967; Nelson 1969; Wooton 1984).  Brook stickleback have four to seven dorsal 
spines, an anal spine, and two pelvic spines that are variable in length and absent in some 
populations (Nelson 1969; Nelson 1977; Reist 1980; Scholz and McLellan 2009, 2010; 
Scholz 2014).  Due to this defensive morphology brook stickleback are considered a minor 
prey item in their native range (Winn 1960; Stewart 2007). 
The presence and robustness of the pelvic skeleton (and associated pelvic spines) in 
brook stickleback has been shown to be under genetic control (Nelson 1977), and pelvic 
spine length varies along a cline (Nelson 1969) in their native range.  The shortest pelvic 
spine length (PL) in relation to standard length (SL) is present in the northwest portion of 
brook stickleback’s range and the longest PL in relation to SL is in the southeastern portion 
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of their range (Nelson 1969; Andraso and Barron 2002).  One possible explanation for the 
selective pressure leading to this cline is the ratio of forage fish to predatory fish (Nelson 
1969).  In the northwestern part of brook stickleback range, where the ratio of forage fish to 
predatory fish is low, predatory fish are left with few prey choices, so short spines and better 
startle response and swimming ability may be selected (Nelson 1969; Andraso and Barron 
1995; Andraso 1997).  In comparison, the southeast portion of brook stickleback range has a 
high forage fish to predatory fish ratio and therefore long spines may act as a deterrent to 
predatory fish with many prey choices (Nelson 1969; Reist 1980).  Scholz et al. (2003) 
plotted SL to PL in 101 brook stickleback captured in the Rock Creek drainage in 1999.  
Scholz et al. (2003) compared their SL to PL plot to datasets reported from the brook 
stickleback’s native range (Nelson 1969; Andraso and Barron 2002).  Because they found 
relatively long PL in relation to SL Scholz et al. (2003) hypothesized that eastern Washignton 
brook stickelabck were most likely from the American Midwest.  
Brook stickleback in eastern Washington primarily inhabit waterways lacking piscine 
predators (Scholz et al. 2003; Glover 2004, Fox 2005, Porter 2006; Scholz and McLellan 
2009, 2010; Scholz 2014), which presents the potential for a phenotypic shift towards shorter 
pelvic spines such as that observed in the northwestern part of their native range. The 
objective of this study was to determine if there has been a shift in pelvic spine length in 
brook stickleback in eastern Washington since 1999.  To achieve this objective I compared 
the distribution of PL with respect to SL in brook stickleback collected in eastern 
Washington in 2016 to the dataset collected by Scholz et al (2003) in 1999. 
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MATERIALS AND METHODS 
 In late spring and early summer of 2016, brook stickleback were collected from 18 
water bodies in the Rock Creek and Cow Creek basins.  Brook stickleback were captured 
using baited minnow traps set overnight or by backpack electrofishing.  Captured stickleback 
were euthanized in the field using 250mg/L tricaine methanesulfonate (MS-222), and stored 
at -20ºC until they were processed.  Brook stickleback standard length (SL) and pelvic spine 
length (PL) were measured to 0.1 mm using vernier calipers for comparison with the dataset 
collected by Scholz et al. (2003).  To determine if there has been a shift in defensive 
morphology in brook stickleback in eastern Washington, a Mann-Whitney Rank Sum Test 
was conducted in SigmaPlot v11.0 to compare the PL:SL ratio in brook stickleback collected 
in 2016, to the dataset collected in 1999 by Scholz et al. (2003). Linear regressions with 95% 
confidence intervals of SL versus PL in brook stickleback collected in 2016 and by Scholz et 
al. (2003) were calculated using SigmaPlot v11.0. 
RESULTS 
 The PL:SL of brook stickleback collected in 2016 was significantly smaller than those 
collected by Scholz et al (2003) in 1999 (1999: ?̅? = 0.079, SE = 0.001; 2016: ?̅? = 0.061, SE 
0.0005; p < 0.001).  Linear regressions of PL with respect to SL were significantly positive in 
both 2016 and 1999 datasets (1999: y = 0.0236x + 2.1901, r2 = 0.2889, p < 0.0001; 2016: y = 
0.0208x + 1.7138, r2 = 0.1244, p < 0.001), and they had non-overlapping 95% confidence 
intervals (Figure 3.1). 
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Figure 3.1: Pelvic spine length plotted against standard length for brook stickleback captured in 1999 (n = 101; red triangles; 
Scholz et al. 2003) and 2016 (n = 561; blue circles).  Linear regressions with 95% confidence intervals (shown in black) are 
plotted in red (1999, r2 = 0.2889) and blue (2016, r2 = 0.1244).  
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DISCUSSION 
 Brook stickleback have been present in eastern Washington waterways since at least 
1999, assuming they reach sexual maturity in one year (Reisman and Cade 1967; Wooton 
1984; Moodie 1986), there have been approximately 17 generations between collections by 
Scholz et al. (2003) and this study.  In that time brook stickleback have trended towards 
smaller pelvic spines with respect to their standard length. 
 No comparisons could be made between PL:SL ratios in populations sympatric 
versus allopatric with piscine predators in this watershed because brook stickleback were 
only collected from water bodies without piscine predators.  Although brook stickleback 
have previously been reported in water bodies with piscine predators in eastern Washington 
(Scholz et al. 2003; Glover 2004, Fox 2005, Porter 2006; Scholz and McLellan 2009, 2010; 
Scholz 2014), none were captured during this study.  This may be because stickleback 
comprise only a small proportion of the fish present in the larger bodies of water in the 
Rock Creek drainage, where piscine predators are present (Glover 2004; Fox 2005; Porter 
2006). 
 In brook stickleback, spine length varies with community assemblage (Nelson 1969; 
Nelson 1977) and seems to be, at least partially, driven by predation pressure (Nelson 1969; 
Nelson 1977; Reist 1980).  In locations where predation risk is high, brook stickleback have 
the longest pelvic spines (Nelson 1967; Nelson 1977).  Piscine predators preferentially prey 
on brook stickleback with small spines and are less successful at ingesting long-spined 
stickleback once captured (Reist 1980; Mathis and Chivers 2003).  Additionally, brook 
stickleback with less defensive armor performed better in startle response and swimming 
ability tests resulting in an enhanced ability to escape capture (Andraso and Barron 1995; 
Andraso 1997).  The combination of these two selection pressures can result in a disruptive 
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selection regime, where both long-spined and short-spined stickleback are present but with 
fewer intermediate phenotypes observed in populations with sympatric piscine predators (i.e. 
Astotin Lake, Alberta, Canada; Andraso 1997).  In this study, directional selection towards 
smaller pelvic spines in brook stickleback in the absence of piscine predators was observed; 
however, because no brook stickleback were captured in sites with piscine predators present, 
no inferences of disruptive selection can be made. 
 There may be other evolutionary forces, such as genetic drift, impacting pelvic spine 
length in brook stickleback in eastern Washington, especially since there are a small number 
of breeders in each population every year (See Chapter 1).  However, because of previous 
work supporting the adaptive nature of this trait (Nelson 1969, Reist 1980, Andraso and 
Barron 1995, Andraso 1997), there is most likely selection occurring regardless of other 
evolutionary forces. 
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APPENDIX I 
Table AI.1: Nine PCR primer pairs from Kremer (2013) were successfully amplified and were used for genetic analysis.  Forward 
primers at each locus were fluorescently labeled with a dye from the ABI DS-33 dye family.  PCR protocols were modified from 
Kremer (2013) and are detailed in PCR protocols below, Na is the number of alleles detected at each locus.  Allele range denotes 
the variation in base pair length for locus. 
Primer Fluorescent Tag   Primer Sequence PCR Protocol Na Allele Range (BP) 
STN217 6-FAM F: GATGGACTGTGGTAGAGCCC BSB1 9 143-163 
  
R: AACATGAAGGATCACACCTGC 
   PUN217 6-FAM F: CAGGTCAATCAGTGGAACCG BSB1 6 191-201 
  
R: CCACACAGAGCTTGCTCCC 
   STN328 VIC F: GTCAGCGCTTGAGAAGAACC BSB1 7 142-154 
 
 
R: TGAGAGGAGAGGCTGAGAGG 
   STN186 VIC F: CTCACTTCCCAAATGTCACG BSB1 20 188-308 
  
R: TACCTGGCAGCCTAATGACC 
   PUN61 NED F: CTTATCTGAGCTGTCAGCGG BSB2 17 113-175 
  
R: GGATCTGTGGAAAAGGTAGCC 
   PUN196 PET F: TGTGGAATGCCTCGAATACC BSB3 7 197-209 
  
R: TGCTGTTTCTCTTCTCTGTCTC 
   STN168 6-FAM F: AAAGTGCATCTTTGGGTGC BSB2 18 165-217 
  
R: TGATCAATACAGCTTGTCAGCC 
   STN301 VIC F: GTTGGTATATTTGCTGCGGG BSB3 15 147-195 
  
R: GTGTGCATATTGCCCTTGC 
   PUN98 PET F: GGCAGTCACGTAGTTTTCTGG BSB3 19 119-191 
  
R: GGAATCTGAGTGAAGAGGCG 
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PCR PROTOCOLS 
BSB1: 
15µL reaction volume, 7.5µL AmpliTaq Gold PCR Master Mix, 100ng template DNA, 
0.25µM forward and reverse primer concentration 
93ºC for 10 min 
95ºC for 30 sec, 56ºC for 30 sec, 72 ºC for 30 sec 
94ºC for 30 sec, 56ºC for 30 sec, 72 ºC for 30 sec (5 cycles) 
90ºC for 30 sec, 56ºC for 30 sec, 72 ºC for 30 sec (35 cycles) 
72ºC for 10 min 
 
BSB2:  
20µL reaction volume, 10µL AmpliTaq Gold PCR Master Mix, 100ng template DNA, 
0.25µM forward and reverse primer concentration 
93ºC for 10 min 
95ºC for 30 sec, 56ºC for 1 min, 72 ºC for 30 sec 
94ºC for 30 sec, 56ºC for 1 min, 72 ºC for 30 sec (5 cycles) 
90ºC for 30 sec, 56ºC for 1 min, 72 ºC for 30 sec (35 cycles) 
72ºC for 10 min 
 
BSB3: 
15µL reaction volume, 7.5µL AmpliTaq Gold PCR Master Mix, 100ng template DNA, 
0.25µM forward and reverse primer concentration 
95ºC for 15 min 
95ºC for 30 sec, 55ºC for 45 sec, 72 ºC for 45 sec 
94ºC for 45 sec, 55ºC for 1 min, 72 ºC for 1 min (5 cycles) 
90ºC for 45 sec, 55ºC for 45 sec, 72 ºC for 45 sec (35 cycles) 
72ºC for 10 min 
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APPENDIX II 
Table AII.1: Location description and GPS coordinates for all sites sampled during 2016, 
organized by water body. 
Site Description GPS Coordinates 
 
Rock Creek 
  
RC1 Rock Creek at Breeden Rd -117.967485°  47.059087° 
RC2 Rock Creek at Highway 23  -117.750066°  47.123152° 
RC3 Rock Creek at Rock Lake outlet -117.725788°  47.136508° 
RC4 Rock Lake inlet -117.633893°  47.222353° 
RC5 Rock Creek Downstream from Belsby Rd -117.605637°  47.232098° 
RC6 Bonnie Lake outlet -117.580334°  47.251862° 
RC7 Bonnie Lake inlet -117.534363°  47.295913° 
 
Imbler Creek 
  
IC1 Imbler Creek at Bowen Rd and Davis Rd -117.893272°  47.104904° 
IC2 Imbler Creek at Old State Highway -117.827611°  47.132988° 
 
Cottonwood Creek 
  
CWC1 Cottonwood Creek at Cherry Rd -117.734465°  47.114300° 
CWC2 Cottonwood Creek at Ericksen Rd -117.663244°  47.114025° 
 
Pine Creek 
  
PC1 Pine Creek at Hole-In-The-Ground Rd -117.575001° 47.225524° 
PC2 Pine Creek off Pandora Rd -117.298486°  47.225843° 
PC3 Pine Creek at Wilhelm Rd -117.269069°  47.237175° 
PC4 Pine Creek at Pittman Rd -117.211648°  47.199129° 
PC5 Pine Creek at Lone Pine Rd -117.205307°  47.192329° 
PC6 Pine Creek at Farmington Rd -117.110688°  47.063682° 
 
Thorn Creek 
  
TC1 Thorn Creek at Stephan Rd -117.537647°  47.194893° 
TC2 Thorn Creek at Nelson Rd -117.512568°  47.166556° 
TC3 Thorn Creek at Davis Rd -117.499927°  47.154585° 
TC4 Thorn Creek at Mortimore Rd -117.460782°  47.150790° 
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Cache Creek 
CC1 Cache Creek at Squire Rd -117.465877°  47.192798° 
CC2 Cache Creek at Mortimore Rd -117.456213°  47.180456° 
 
Squaw Creek 
  
SQ1 Squaw Creek at Blackman Rd -117.467955°  47.266640° 
 
Spring Valley Creek 
  
SVC1 Spring Valley Creek at Territorial Rd -117.350108°  47.274368° 
SVC2 Spring Valley Creek at Bruce Rd -117.304733°  47.276650° 
SVC3 Spring Valley Creek at Dunn Rd -117.282444°  47.271948° 
SVC4 Spring Valley Creek off E Spring Valley Rd -117.273380°  47.265774° 
 
Cabbage Creek 
  
CAB1 Cabbage Creek at Wilhelm Rd -117.270089°  47.241423° 
CAB2 Cabbage Creek off Pandora Rd -117.263281°  47.243122° 
CAB3 Cabbage Creek at Fairbanks Rd -117.243566°  47.246007° 
 
Spring Creek 
  
SC1 Spring Creek at Trestle Creek Rd. -117.262374°  47.123327° 
 
Kelley Creek 
  
KC1 Kelley Creek at Black Rd and Train Tracks -117.162796°  47.088420° 
KC2 Kelley Creek at Black Rd  -117.164732°  47.088903° 
KC3 Kelley Creek at Black Rd Culvert -117.154606° 47.079509° 
 
Willow Creek 
  
WC1 Willow Creek at Gumm Rd -117.117177°  47.156295° 
 
West Isaacson Lake 
  
WI On TNWR -117.580446°  47.398469° 
 
Cheever Lake 
  
CLA Upstream of Control Structure on TNWR -117.543787°  47.398640° 
CLB Downstream of Control Structure on TNWR -117.545015°  47.398013° 
 
Middle Pine Lake 
  
MPA Upstream of Control Structure on TNWR -117.537946°  47.409046° 
MPB Downstream of Control Structure on TNWR -117.538348°  47.408713° 
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Winslow Pool 
WL On TNWR -117.538460°  47.412576° 
 
Headquarters Pond 
  
HQP On TNWR -117.531352°  47.414421° 
 
Windmill Pond 
  
WPA Upstream of Control Structure on TNWR -117.528403°  47.415020° 
WPB Downstream of Control Structure on TNWR -117.528699°  47.415042° 
 
Lower Turnbull Slough 
  
LTS On TNWR -117.602959°  47.421697° 
 
Upper Turnbull Slough 
  
UTS On TNWR -117.596073°  47.424497° 
 
West Tritt 
  
WT On TNWR -117.585805°  47.438391° 
 
Columbia Trail Pond 
  
CTP On TNWR -117.582231°  47.459634° 
 
Upper Blackhorse Lake 
  
UBH On TNWR -117.541814°  47.430398° 
 
Blackhorse Lake 
  
BH On TNWR -117.541452°  47.424620° 
 
30 Acre Lake 
  
30A On TNWR -117.537288°  47.430434° 
 
Kepple Lake  
  
KL On TNWR -117.531701°  47.439833° 
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Table AII.2: Fish species captured, abundances, and collection method used at each sample site. Capture methods included: baited 
minnow trap (MT), backpack electrofishing (BE).  Fish species captured included: brook stickleback (BSB), redside shiner (RSS), speckled 
dace (SPD), fathead minnow (FHM), grass pickerel (GP), pumpkinseed (PS), common carp (C), brown bullhead (BBH), smallmouth bass 
(SMB), yellow perch (YP), longnose sucker (LNS), largerscale sucker (LSS), rainbow trout (RBT), and bluegill (BG). 
Site Date Method Species 
   
BSB RSS SPD FHM GP PS C BBH SMB YP LNS LSS RBT BG 
RC1 8/3/16 MT - 10 8 3 - - - - - - - - - - 
RC2 6/23/16 MT - - - - 1 - - - - - - - - - 
RC3 6/23/16 MT - - - - - 6 - - - - - - - - 
RC4 8/12/16 MT - - - - 1 2 1 - - - - - - - 
RC5 6/29/16 MT - - - - 1 - - 1 - - - - - - 
RC6 8/12/16 MT - - - - - - - - - - - - - - 
RC7 8/12/16 MT - - - - - - - 1 2 2 - - - - 
IC1 6/23/16 MT 8 5 300† - - - - - - - - - - - 
IC2 8/3/16 MT 10 - - - - - - - - - - - - - 
CWC1 7/12/16 BE - 66 7 3 - - - - - - 12 8 - - 
CWC2 7/12/16 BE - 6 1 1 - - - - - - 5 9 3 - 
PC1 6/23/16 MT - 7 39 74 - - - - - - - - - - 
PC2 7/1/16 MT - 3 - 3 - - - - - - - - - 12 
PC3 
7/26/16 MT 3 1 - - - 20 - - - - - - - - 
8/2/16 MT 5 10 5 - - 11 - - - - - - - - 
PC4 8/2/16 MT 87 - - 10 - - - - - - - - - - 
PC5 8/2/16 MT 67 - - - - - - - - - - - - - 
PC6 6/23/16 MT - 5 65 2 - - - - - - - - - - 
TC1 7/11/16 BE - 20 41 52 - - - - - - - - - - 
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   BSB RSS SPD FHM GP PS C BBH SMB YP LNS LSS RBT BG 
TC2 7/11/16 MT - 30 43 7 - - - - - - - - - - 
TC3 7/12/16 BE 1 7 45 11 - - - - - - - - - - 
TC4 
7/12/16 BE 14 - - - - - - - - - - - - - 
7/13/16 MT 61 - 5 - - - - - - - - - - - 
CC1 7/12/16 BE 48 6 5 - - - - - - - - - - - 
CC2 6/23/16 MT 6 10 34 - - - - - - - - - - - 
SQ 
7/12/16 BE 7 2 - - - - - - - - - - - - 
7/13/16 MT 28 1 - 1 - - - - - - - - - - 
SVC1 7/1/16 MT 2 20 6 18 - - - - - - - - - - 
SVC2 7/1/16 MT 5 - - - - - - - - - - - - - 
SVC3 7/1/16 MT 5 - - - - - - - - - - - - - 
SVC4 7/1/16 MT 37 - - - - - - - - - - - - - 
CAB1 7/1/16 MT 4 - - - - - - - - - - - - - 
CAB2 7/1/16 MT 14 - - - - - - - - - - - - - 
CAB3 6/23/16 MT 13 30 6 8 - - - - - - - - - - 
SC 
7/26/16 MT 18 10 - 10 - - - - - - - - - - 
8/2/16 MT 3 18 - 4 - - - - - - - - - - 
KC1 7/26/16 MT 4 - - - - - - - - - - - - - 
KC2 8/2/16 MT 6 - - - - - - - - - - - - - 
KC3 8/2/16 MT - - - - - - - - - - - - - - 
WC 7/26/16 MT 66 - 10 1 - - - - - - - - - - 
WI 5-9/16* MT - - - - - - - - - - - - - - 
CLA 5/11/16 MT 51 - - - - - - - - - - - - - 
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   BSB RSS SPD FHM GP PS C BBH SMB YP LNS LSS RBT BG 
CLB 4/23/16 MT 800† - - - - - - - - - - - - - 
MPA 4/23/16 MT 200† - - - - - - - - - - - - - 
MPB 4/23/16 MT 600† - - - - - - - - - - - - - 
WL 5/11/16 MT 51 - - - - - - - - - - - - - 
HQP 4/23/16 MT 125† - - - - - - - - - - - - - 
WPA 4/23/16 MT 114 - - - - - - - - - - - - - 
WPB 4/23/16 MT 140† - - - - - - - - - - - - - 
LTS 
6/15/16 MT 9 - - - - - - - - - - - - - 
7/19/16 MT 69 - - - - - - - - - - - - - 
UTS 
2/10/16 MT 1** - - - - - - - - - - - - - 
5-9/16* MT - - - - - - - - - - - - - - 
WT 5-9/16* MT - - - - - - - - - - - - - - 
CTP 5-9/16* MT - - - - - - - 4*** - - - - - - 
UBH 5-9/16* MT - - - - - - - - - - - - - - 
BH 5-9/16* MT - - - - - - - - - - - - - - 
30A 5-9/16* MT - - - - - - - - - - - - - - 
KL 2/11/16 MT 77 - - - - - - - - - - - - - 
 
† Number of individuals captured estimated 
* Wetland was sampled monthly from May 2016-September 2016 to determine if and when brook stickleback reinvaded wetland. 
** One brook stickleback was captured near the control structure between UTS and LTS, during repeated sampling efforts in UTS during 
the summer of 2016 no other brook stickleback were captured. 
*** Brown bullhead were captured during three of the monthly visits to Columbia Trail Pond. 
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APPENDIX III 
Table AIII.1: Allele frequencies for S217 in each population. The number of individuals genotyped in each population at S217 is 
denoted as N.  
  
Allele 
Population N *143 *145 *147 *149 *151 *153 *155 *157 *163 
LTS 30 0.017 - 0.433 0.317 0.133 0.100 - - - 
KL 31 - 0.242 0.452 0.065 0.177 0.065 - - - 
WPA 30 - 0.050 0.450 0.267 0.100 0.133 - - - 
WPB 30 - 0.167 0.500 0.133 0.083 0.117 - - - 
HQP 30 - 0.217 0.567 - 0.083 0.133 - - - 
WL 30 - 0.183 0.383 0.217 0.067 0.133 - 0.017 - 
MPA 28 - 0.143 0.357 0.321 0.125 0.054 - - - 
MPB 30 - 0.233 0.367 0.283 0.067 0.050 - - - 
CL 30 - 0.300 0.500 0.033 0.100 0.067 - - - 
RCA 28 - 0.036 0.518 0.321 0.018 0.107 - - - 
WC 30 0.050 0.233 0.583 0.050 0.033 0.050 - - - 
KC 10 0.150 0.350 0.100 0.100 0.200 0.100 - - - 
SC 21 0.024 0.167 0.571 - 0.119 0.095 0.024 - - 
PC 30 0.017 0.183 0.317 0.150 0.267 0.067 - - - 
CAB 30 0.033 0.233 0.217 0.250 0.117 0.150 - - - 
SVC 30 0.017 0.267 0.483 0.083 0.067 0.067 - 0.017 - 
SQ 30 0.017 0.133 0.417 0.117 0.067 0.233 - - 0.017 
CC 30 - 0.400 0.317 0.200 0.017 0.067 - - - 
TC 30 - 0.267 0.283 0.217 0.100 0.133 - - - 
IC 17 0.059 - 0.382 0.029 0.353 0.176 - - - 
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Table AIII.2: Allele frequencies for P217 in each population. The number of individuals genotyped in each population at P217 is 
denoted as N. 
  
Allele 
Population N *191 *193 *195 *197 *199 *201 
LTS 30 0.067 0.933 - - - - 
KL 31 0.177 0.532 0.016 0.242 0.032 - 
WPA 30 0.150 0.383 - 0.417 0.050 - 
WPB 30 0.067 0.683 - 0.250 - - 
HQP 29 0.138 0.397 0.017 0.414 0.034 - 
WL 30 0.233 0.433 - 0.267 0.050 0.017 
MPA 28 0.125 0.589 - 0.250 0.036 - 
MPB 30 0.033 0.600 - 0.350 0.017 - 
CL 30 0.183 0.467 - 0.350 - - 
RCA 28 0.054 0.875 - 0.036 0.036 - 
WC 30 0.167 0.733 - - 0.100 - 
KC 10 0.400 0.250 - 0.100 0.250 - 
SC 21 0.357 0.476 - 0.071 0.095 - 
PC 30 0.217 0.500 - 0.050 0.183 0.050 
CAB 30 0.233 0.450 0.017 0.033 0.217 0.050 
SVC 30 0.217 0.600 - 0.100 0.083 - 
SQ 30 0.083 0.900 - 0.017 - - 
CC 30 0.200 0.617 - 0.083 0.050 0.050 
TC 30 0.083 0.667 - 0.083 0.133 0.033 
IC 17 0.353 0.647 - - - - 
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Table AIII.3: Allele frequencies for S328 in each population. The number of individuals genotyped in each population at S328 is 
denoted as N. 
  
Allele 
Population N *142 *144 *146 *148 *150 *152 *154 
LTS 29 0.241 0.207 - - 0.103 0.448 - 
KL 24 0.042 0.333 - 0.104 0.083 0.438 - 
WPA 29 0.034 0.397 0.086 - 0.034 0.414 0.034 
WPB 30 0.017 0.200 0.017 0.267 0.117 0.383 - 
HQP 27 0.204 0.333 0.019 0.037 0.111 0.278 0.019 
WL 30 0.083 0.350 - 0.233 0.050 0.267 0.017 
MPA 28 0.304 0.089 0.054 - 0.036 0.518 - 
MPB 30 0.200 0.150 0.033 - 0.033 0.583 - 
CL 30 0.100 0.317 0.017 0.117 0.033 0.400 0.017 
RCA 28 0.089 0.125 - 0.446 0.125 0.214 - 
WC 29 - 0.259 0.069 0.207 0.138 0.224 0.103 
KC 10 0.100 0.100 0.150 0.100 - 0.550 - 
SC 21 - 0.310 0.095 0.262 - 0.310 0.024 
PC 30 0.150 0.317 0.083 0.117 0.033 0.300 - 
CAB 28 0.054 0.375 0.036 0.089 0.018 0.411 0.018 
SVC 30 0.017 0.283 0.033 0.333 0.117 0.217 - 
SQ 30 0.017 0.183 0.067 0.550 0.067 0.100 0.017 
CC 26 0.019 0.385 0.038 0.250 0.096 0.212 - 
TC 29 0.034 0.241 0.069 0.207 0.103 0.345 - 
IC 15 - 0.467 - 0.133 - 0.400 - 
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Table AIII.4: Allele frequencies for S186 in each population. The number of individuals genotyped in each population at S186 is 
denoted as N. 
  
Allele 
Population N *188 *200 *220 *224 *228 *232 *244 *252 *256 *260 
LTS 30 - 0.433 - - - - - - - - 
KL 31 - 0.145 - 0.161 - - - - 0.032 0.065 
WPA 30 - 0.200 - 0.417 - - - 0.017 0.067 - 
WPB 30 - 0.150 - 0.350 0.017 - - - 0.100 - 
HQP 29 - 0.069 - 0.293 0.017 - - - 0.052 - 
WL 30 - 0.183 - 0.367 - - - - 0.033 0.033 
MPA 27 - 0.130 - 0.204 - - - - 0.093 0.019 
MPB 29 - 0.103 - 0.310 - - - - 0.052 - 
CL 30 - 0.217 - 0.283 - - - - 0.083 0.050 
RCA 28 - 0.071 - 0.286 - - - - 0.036 0.071 
WC 30 - 0.183 - 0.383 0.017 - - - 0.083 0.150 
KC 9 - 0.389 - 0.222 - 0.056 - - 0.222 0.056 
SC 17 - 0.382 - 0.324 - - - - 0.059 0.059 
PC 25 - 0.260 - 0.260 - - - - 0.080 0.200 
CAB 27 - 0.259 - 0.352 - - - - 0.074 0.222 
SVC 30 - 0.150 - 0.383 - - 0.017 - 0.050 0.300 
SQ 30 - 0.167 - 0.517 - - 0.017 - 0.083 0.017 
CC 28 - 0.161 - 0.411 - - - - - 0.143 
TC 29 0.017 0.052 - 0.466 0.017 - - - 0.121 - 
IC 16 - 0.219 0.031 0.406 - - - - - 0.219 
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Table AIII.4 (continued): Allele frequencies for S186 in each population. The number of individuals genotyped in each population at 
S186 is denoted as N. 
  
Allele  
Population N *264 *272 *276 *280 *284 *288 *292 *300 *304 *308 
LTS 30 - - 0.183 - - - - 0.167 0.200 0.017 
KL 31 - - 0.177 0.016 0.081 0.097 - 0.226 - - 
WPA 30 0.017 - 0.117 0.017 0.017 0.033 0.017 0.067 0.017 - 
WPB 30 - - 0.133 0.017 - 0.100 0.017 0.117 - - 
HQP 29 - - 0.172 - 0.052 0.086 - 0.241 0.017 - 
WL 30 - - 0.150 0.017 0.050 0.033 0.017 0.083 0.033 - 
MPA 27 - - 0.259 - 0.056 0.093 0.019 0.130 - - 
MPB 29 - - 0.241 - 0.017 0.121 0.017 0.121 0.017 - 
CL 30 - - 0.083 - 0.017 0.067 0.033 0.150 0.017 - 
RCA 28 - 0.018 0.357 - 0.054 0.018 - 0.089 - - 
WC 30 - - 0.050 - 0.017 0.050 0.017 0.033 0.017 - 
KC 9 - - - - - - - - 0.056 - 
SC 17 - - 0.029 - 0.118 - - - 0.029 - 
PC 25 - - 0.060 0.020 - 0.040 - 0.060 0.020 - 
CAB 27 - - - - - 0.056 - 0.037 - - 
SVC 30 - - - - - 0.017 0.017 0.050 0.017 - 
SQ 30 - - 0.017 - 0.050 - 0.017 0.117 - - 
CC 28 - - 0.089 0.125 - 0.018 - 0.054 - - 
TC 29 - 0.017 0.276 0.034 - - - - - - 
IC 16 - - - - - - 0.125 - - - 
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Table AIII.5: Allele frequencies for P61 in each population. The number of individuals genotyped in each population at P61 is denoted as 
N. 
  
Allele  
Population N *113 *115 *123 *125 *137 *139 *141 *143 *145 
LTS 30 - - 0.050 0.450 0.050 0.083 - - - 
KL 31 0.194 - - 0.097 0.113 0.016 - - 0.129 
WPA 30 0.117 0.050 - 0.117 0.117 0.133 0.017 0.033 - 
WPB 30 0.133 - - 0.217 0.133 0.033 - 0.017 - 
HQP 30 0.200 - - 0.050 0.033 - - - - 
WL 30 0.150 0.017 - 0.200 0.217 - 0.033 - 0.017 
MPA 28 0.089 0.036 - 0.036 0.304 0.107 - 0.018 - 
MPB 30 0.217 0.067 - 0.217 0.050 0.133 - - 0.033 
CL 30 0.117 0.017 - 0.100 0.200 0.017 - - 0.083 
RCA 26 0.019 - - 0.385 0.135 - - - - 
WC 30 0.217 0.033 - 0.150 0.200 0.067 - 0.033 0.017 
KC 10 0.250 0.050 - - 0.450 0.050 - 0.050 0.050 
SC 21 0.143 - - 0.286 0.095 0.024 - - - 
PC 29 0.121 0.034 - 0.310 0.190 0.052 - - 0.034 
CAB 30 0.133 0.083 - 0.217 0.117 0.200 0.033 0.017 0.033 
SVC 30 0.200 0.050 - 0.100 0.117 0.033 - 0.017 0.033 
SQ 29 0.034 - - 0.397 0.034 - 0.034 - - 
CC 30 0.100 0.083 0.017 0.133 0.033 0.033 - 0.033 0.133 
TC 30 0.133 0.050 - 0.383 0.050 0.017 - 0.033 0.050 
IC 17 0.441 0.029 - 0.147 0.029 0.029 - 0.029 - 
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Table AIII.5 (continued): Allele frequencies for P61 in each population. The number of individuals genotyped in each population at 
P61 is denoted as N. 
  
Allele  
Population N *147 *149 *151 *153 *155 *157 *165 *175 
LTS 30 0.200 0.150 - 0.017 - - - - 
KL 31 0.290 0.081 0.016 0.016 - 0.048 - - 
WPA 30 0.217 0.133 - 0.017 - 0.050 - - 
WPB 30 0.283 0.133 - 0.017 0.033 - - - 
HQP 30 0.667 0.033 - - 0.017 - - - 
WL 30 0.183 0.167 - - - 0.017 - - 
MPA 28 0.196 0.107 0.018 - 0.018 0.071 - - 
MPB 30 0.083 0.067 0.017 - 0.033 0.083 - - 
CL 30 0.433 0.033 - - - - - - 
RCA 26 0.115 0.327 - 0.019 - - - - 
WC 30 0.250 0.017 - - 0.017 - - - 
KC 10 - - 0.050 - - 0.050 - - 
SC 21 0.429 - - - - 0.024 - - 
PC 29 0.103 0.052 0.052 - 0.017 0.034 - - 
CAB 30 0.083 - 0.017 - - 0.017 0.033 0.017 
SVC 30 0.200 0.083 - - 0.100 0.067 - - 
SQ 29 0.259 0.190 - 0.034 - 0.017 - - 
CC 30 0.267 0.083 - - - 0.067 0.017 - 
TC 30 0.133 0.017 - - 0.017 0.100 0.017 - 
IC 17 0.176 - 0.059 - 0.059 - - - 
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Table AIII.6: Allele frequencies for P196 in each population. The number of individuals genotyped in each population at P196 is 
denoted as N. 
  
Allele 
Population N *197 *199 *201 *203 *205 *207 *209 
LTS 30 - 0.517 0.117 0.250 0.117 - - 
KL 30 - 0.017 0.167 0.217 0.350 0.250 - 
WPA 30 - 0.100 0.033 0.167 0.533 0.133 0.033 
WPB 30 - 0.200 0.117 0.200 0.383 0.083 0.017 
HQP 30 - - 0.100 0.050 0.633 0.200 0.017 
WL 30 0.017 0.183 0.017 0.100 0.550 0.117 0.017 
MPA 27 - 0.630 - 0.296 0.074 - - 
MPB 29 - 0.483 0.069 0.224 0.190 0.034 - 
CL 30 - - 0.083 0.117 0.600 0.200 - 
RCA 27 - 0.426 - 0.407 0.167 - - 
WC 30 - 0.200 0.100 0.117 0.383 0.200 - 
KC 10 - 0.100 0.150 - 0.450 0.300 - 
SC 20 0.025 0.200 0.075 0.175 0.375 0.150 - 
PC 30 - 0.150 0.117 0.400 0.283 0.050 - 
CAB 30 - 0.050 0.100 0.233 0.533 0.033 0.050 
SVC 30 - 0.150 0.017 0.350 0.367 0.117 - 
SQ 29 - 0.552 0.034 0.190 0.224 - - 
CC 30 - 0.167 0.133 0.183 0.333 0.183 - 
TC 30 - 0.100 0.017 0.250 0.483 0.133 0.017 
IC 16 - - 0.469 0.188 0.188 0.156 - 
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Table AIII.7: Allele frequencies for S168 in each population. The number of individuals genotyped in each population at S168 is 
denoted as N. 
  
Allele  
Population N *165 *175 *177 *179 *181 *183 *185 *189 *191 
LTS 30 0.017 - - - - 0.517 - - 0.450 
KL 31 - - - 0.016 0.048 0.532 0.016 - 0.065 
WPA 30 - - - - 0.033 0.633 - 0.017 0.067 
WPB 28 - - - - 0.089 0.446 - 0.018 0.089 
HQP 30 - 0.017 - 0.017 0.067 0.433 0.017 - 0.083 
WL 30 - - - 0.017 0.050 0.383 - 0.033 0.100 
MPA 30 - - - - - 0.517 - - 0.433 
MPB 30 - - - - - 0.533 - - 0.400 
CL 29 - - - - 0.121 0.500 - 0.017 0.034 
RCA 30 - 0.017 - - 0.017 0.483 - - 0.233 
WC 28 - - 0.018 - 0.054 0.482 - 0.036 0.232 
KC 10 - - - - 0.200 0.350 - - 0.150 
SC 21 - - - 0.048 0.048 0.333 - - 0.262 
PC 30 0.017 - - - - 0.517 - 0.033 0.233 
CAB 29 - - - 0.017 0.017 0.638 - - 0.172 
SVC 28 - 0.018 - - 0.054 0.446 - - 0.214 
SQ 28 - - - 0.018 0.036 0.482 0.036 - 0.196 
CC 29 - 0.017 - 0.017 0.103 0.552 - - 0.172 
TC 30 - - - 0.033 0.050 0.467 0.017 - 0.217 
IC 17 - - - 0.029 0.029 0.265 - 0.029 0.176 
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Table AIII.7 (continued): Allele frequencies for S168 in each population. The number of individuals genotyped in each population at 
S168 is denoted as N. 
  
Allele 
Population N *193 *203 *205 *207 *209 *211 *213 *215 *217 
LTS 30 0.017 - - - - - - - - 
KL 31 - - - - - 0.048 0.113 0.129 0.032 
WPA 30 0.017 0.017 - - 0.017 0.033 0.067 0.100 - 
WPB 28 0.054 - - - - 0.036 0.125 0.143 - 
HQP 30 0.033 - - - - 0.033 0.100 0.200 - 
WL 30 - - - - - 0.117 0.100 0.200 - 
MPA 30 - - - - - 0.017 - 0.033 - 
MPB 30 - - - - 0.017 0.017 - 0.033 - 
CL 29 - - - - - - 0.121 0.207 - 
RCA 30 - - - 0.033 - - - 0.217 - 
WC 28 - - - - - 0.036 0.071 0.054 0.018 
KC 10 - - - - 0.100 - 0.050 0.150 - 
SC 21 - - - - 0.024 - 0.048 0.238 - 
PC 30 0.017 - - - - 0.017 0.033 0.133 - 
CAB 29 0.017 - - - - - - 0.138 - 
SVC 28 0.036 - - - - - 0.071 0.161 - 
SQ 28 0.018 - - 0.018 - - 0.107 0.089 - 
CC 29 - - 0.017 - - 0.052 0.017 0.052 - 
TC 30 0.033 - - - 0.033 - 0.050 0.100 - 
IC 17 - - - - 0.029 0.029 0.059 0.353 - 
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Table AIII.8: Allele frequencies for P301 in each population. The number of individuals genotyped in each population at P301 is 
denoted as N. 
  
Allele  
Population N *147 *157 *169 *171 *173 *175 *177 *179 
LTS 30 - - - - - - 0.267 0.100 
KL 30 - - 0.017 - - - - 0.200 
WPA 29 - - - - - - - 0.121 
WPB 28 - - - 0.018 - - - 0.286 
HQP 30 0.033 - - - 0.017 0.017 0.033 0.233 
WL 30 - 0.017 - - 0.017 - - 0.183 
MPA 30 - - - - - - 0.033 0.250 
MPB 30 - - - - - 0.017 - 0.250 
CL 29 - - - 0.017 - - 0.017 0.224 
RCA 30 - - - - - 0.017 - 0.367 
WC 25 - - 0.020 - 0.060 0.080 - 0.160 
KC 10 - - - - - 0.050 - 0.200 
SC 21 - - - - - - - 0.071 
PC 30 - - - - 0.017 - 0.033 0.183 
CAB 28 - - - - - - - 0.196 
SVC 29 - - - 0.017 - - 0.017 0.207 
SQ 28 - - - - 0.089 - - 0.125 
CC 29 - - - - - - 0.034 0.121 
TC 30 - - - 0.033 0.067 - 0.033 0.150 
IC 18 - - - - - - - 0.167 
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Table AIII.8 (continued): Allele frequencies for P301 in each population. The number of individuals genotyped in each population at 
P301 is denoted as N. 
  
Allele 
Population N *181 *183 *187 *189 *191 *193 *195 
LTS 30 0.150 - - - 0.483 - - 
KL 30 0.233 0.050 - 0.117 0.383 - - 
WPA 29 0.397 0.052 - 0.069 0.362 - - 
WPB 28 0.232 0.018 - - 0.429 - 0.018 
HQP 30 0.150 - - 0.033 0.483 - - 
WL 30 0.150 0.067 0.033 0.067 0.467 - - 
MPA 30 0.350 - 0.033 0.050 0.283 - - 
MPB 30 0.367 0.017 0.017 0.050 0.283 - - 
CL 29 0.379 - - 0.086 0.276 - - 
RCA 30 0.183 0.067 - 0.017 0.350 - - 
WC 25 0.240 0.060 - 0.140 0.220 0.020 - 
KC 10 0.250 - - 0.100 0.400 - - 
SC 21 0.524 0.024 - 0.143 0.238 - - 
PC 30 0.317 - 0.033 0.233 0.167 0.017 - 
CAB 28 0.250 0.036 0.018 0.089 0.393 0.018 - 
SVC 29 0.276 0.121 0.034 0.103 0.207 0.017 - 
SQ 28 0.321 0.107 0.018 0.071 0.250 0.018 - 
CC 29 0.534 0.052 0.017 0.017 0.190 0.034 - 
TC 30 0.367 - 0.017 0.133 0.200 - - 
IC 18 0.083 - 0.083 0.444 0.222 - - 
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Table AIII.9: Allele frequencies for P98 in each population. The number of individuals genotyped in each population at P98 is denoted 
as N. 
  
Allele  
Population N *119 *121 *123 *131 *133 *147 *149 *151 *155 *157 
LTS 30 - - - - 0.300 - - - - 0.267 
KL 31 - - - - 0.032 - - 0.016 - 0.177 
WPA 30 - - - 0.017 0.050 - 0.017 0.017 - 0.400 
WPB 28 - 0.036 - - 0.071 - - 0.071 - 0.214 
HQP 30 - - - - 0.050 - - 0.067 0.033 0.250 
WL 30 0.017 - - - 0.033 - - 0.050 - 0.233 
MPA 30 - - - - 0.050 - 0.017 0.033 - 0.183 
MPB 30 - - - - 0.050 - 0.050 0.067 - 0.217 
CL 30 - - - - 0.033 0.017 - - - 0.183 
RCA 30 - - - - 0.100 - - 0.083 - 0.117 
WC 29 - - 0.017 - 0.241 - - 0.086 - 0.069 
KC 10 - - - - 0.250 - - 0.300 - - 
SC 21 - - - - 0.071 - 0.024 0.119 - 0.143 
PC 30 - - - - 0.233 - - 0.133 - 0.150 
CAB 29 - - - - 0.328 - - 0.086 - 0.121 
SVC 29 - 0.017 0.034 - 0.293 - - 0.086 - 0.103 
SQ 28 - - - - 0.161 - - - - 0.268 
CC 29 - - - - 0.138 - - 0.207 - 0.172 
TC 30 - - - - 0.183 - 0.050 0.100 - 0.150 
IC 18 - - - - 0.361 - - 0.056 - 0.139 
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Table AIII.9 (continued): Allele frequencies for P98 in each population. The number of individuals genotyped in each population at 
P98 is denoted as N. 
  
Allele  
Population N *159 *169 *171 *173 *177 *179 *181 *183 *191 
LTS 30 - - - 0.383 - 0.033 - 0.017 - 
KL 31 - - 0.016 0.742 - - - - 0.016 
WPA 30 0.017 - - 0.467 0.017 - - - - 
WPB 28 0.018 - - 0.571 0.018 - - - - 
HQP 30 0.033 - - 0.567 - - - - - 
WL 30 - - - 0.633 - 0.033 - - - 
MPA 30 - - - 0.700 0.017 - - - - 
MPB 30 - - 0.017 0.583 0.017 - - - - 
CL 30 0.017 - - 0.750 - - - - - 
RCA 30 - - - 0.700 - - - - - 
WC 29 - 0.172 - 0.379 - - 0.034 - - 
KC 10 - 0.150 - 0.300 - - - - - 
SC 21 - 0.190 - 0.452 - - - - - 
PC 30 - 0.100 - 0.383 - - - - - 
CAB 29 - 0.224 0.017 0.224 - - - - - 
SVC 29 - 0.241 - 0.224 - - - - - 
SQ 28 0.018 0.071 0.018 0.464 - - - - - 
CC 29 - 0.259 - 0.224 - - - - - 
TC 30 - 0.100 - 0.417 - - - - - 
IC 18 - 0.167 0.028 0.250 - - - - - 
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